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PREFACE 


The two volumes which form Engineering Science have been 
planned to cover the full study of this subject in the Junior Tech- 
iiical School, and at the same time to present the work in the more 
intensive form required by evening students taking the first and 
second year National Certificate Courses who have to dispense with 
some of the practical and graphi<^al work. 

More precisely, its scope is that of the Engineering Science 
Course of the Junior Technical School, the first and second years 
of the Ordinary National Certificate Courses in Mechanical Engineer¬ 
ing, the Engineering Science of the Ordinary National Certificate in 
Electrical Engineering, and the introductory work for the Institu¬ 
tions of Mechanical and Electrical Engineers examinations and those 
of the Scottish Education Authorities affiliated to the Royal Tech¬ 
nical College, Glasgow. Volumes I and II will also be found to 
cover the subject-matter of many of the service and pre-service 
course^ in engineering subjects and their application to engineering 
practic(*. 

With very few exceptions, the approach to the subject is through 
(letaile<l experimental uork of either a demonstrative or individual 
character, and every effort has been made to bring the theory and 
examjiles into alignment with practice. The experimental work has 
been fully treated in the early chapters of the book, but as the 
student reacts to exjx^rimental methods less attention is given to 
(hdail and more is required of the student conducting the experi¬ 
ment. The verification and applications of principles have been the 
primary aim throughout the book, and exercises and examples have 
been chosen to give a practical bias, and to form the student’s equip¬ 
ment for a more advanced study of the subject with the design of 
machines and structures. 

The presentation has been made with a full appreciation of the 
lack of mathematical training in the early stages, and it is confi¬ 
dently recommended that a student should commence his itudy at 
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the same time as he approaches algebraic processes. Providing the 
mathematical knowledge grows in parallel stages with the study 
of this subject, there should be no period at which the science 
is obscured by the complexity of the mathematical, processes 
employed. 

Graphical solutions have been adopted, generally, as an alter¬ 
native to mathematical solutions, and the aj)preciation and treat¬ 
ment of vectors has be€*n introduced at a very early stage. A 
chapter has been devoted to the testing of materials, and although 
this is, of necessity, brief, it vill probably cover tlu' immediate 
requirements of students at this stage of their work. 

It has been found that the amount of work to he covered (*ould not 
be treated in a single volume of reasonable pr()|)ortions, and, after 
consideration of the requirements of the courses for which this book 
is intended to cater, a division has been made on the follovving lines. 
Vol. I to include the whole of the Mechanics and Hydraulics re¬ 
quired in the course, and Vol. 11 the Heat, Heat Engines and 
Electro-technics. Where these sections of the subject generally 
classed as Engineering Science are taken as a composite course, it is 
believed that the work is so arranged that the two volumes can he 
used in conjunction without detriment to the presentation. 

In the Heat, Heat Engines and Electro-technics section, the main 
principles have been summariz^ed so far as possible, and the work 
treated mainly along descriptive lines to prepare the stiuk^nt for 
the more detailed and quantitative treatment demanded by the 
later study in the National Certificate Courses. 

The authors have found that many students enrolling for National 
Certificate Courses have received, in Junior Technical, Secondary or 
Central Schools, in.struction in the elementary physics leading up to 
the work in Heat Engines and Electro-technics, Some elemen¬ 
tary experiments have, however, been added as a supplementary 
scheme to illustrate certain fundamental physical principles and 
to cater for students who would profit by their performance of these 
experiments. 

In the majority of Junior Technical Schools the Engineering 
Srience is reinforced by a course of General Science, so that where the 
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book is employed for Junior Technical Schools this supplementary 
scheme of experiments need only be taken at the discretion of the 
teacher. 

It is hoped that this book will provide a progressive course along 
practical lines, and will find its place among books suitable to the 
work for which it is planned. 

The thanks of the authors are due to the firms who have been 
good enough to loan blocks and supply data concerning their manu¬ 
factures. Among these may be quoted Messrs Cussons Ltd., of 
Manchester ; Messrs Morris Ltd., of Loughborough ; Messrs A. 
Macklow Smith, of Westminster , Messrs Babcock and Wilcox Ltd.; 
Messrs A. Parsons Ltd., of Kewcastle-on-Tyne ; Messrs Fetters 
Ltd., of Loughborough, late of Yeovil; The Zenith Carburettor Co. 
Ltd., of Stanmore ; Messrs Dobbie Mclnnes Ltd., of Glasgow ; The 
National Gas and Oil Engine Co. Ltd., of Ashton-under-Lyne ; 
Messrs Hopkinson Ltd., of Huddersfield; Messrs Dewrance & Co., 
of London ; Messrs Hick, Hargreaves & Co., of Bolton ; The 
Th'emior Gas Engine Co, Ltd., of Nottingham ; The Standard Motor 
(V). Ltd., of Coventry; Messrs Philip Harris Ltd., of Birmingham; 
and Messrs Skefco Ltd., of Luton. 

Particular appreciation is due to Sir Richard Gregory, who has 
ungrudgingly lent his wide experience to the effective production 
of the book, and many suggestions of his have been adopted with 
very hapj)y results. 

(Grateful acknowledgement is also gladly made to Mr. A. J. V. 
(iaie, aM.A., and Mr. F. G. W. Bro^^n, M.Sc., for kindly reading 
through the })roofs and making many helpful and valuable sugges¬ 
tions. The authors also wish to thank the publishers and authors 
concerned for j)erraission to include tables of logarithms and dia¬ 
grams from their publications, especially from Castle’s Practical 
Mathematics for Beginners, Duncan and Starling’s Text-Book of 
Phgsics, Duncan’s Stean} and Other EngineSy and Gregory and 
Hadley’s Class-Book of Physics, 

Permission ha.s been kindly given by Messrs Edward Arnold & Co. 
to include data from their CallendaPs Abridged Stexim Tables^ and 
acknowledgement is gladly accorded to the following authorities for 
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permission to include a selection of their examination questions: 
The Union of Lancashire and Cheshire Institutes; The Union of 
Educational Institutions; The Institutions of Mechanical and 
Electrical Engineers; The Scottish Educational Authorities affili¬ 
ated with the Royal Technical College, Glasgow. 

The authors would be very glad to receive, from teachers and 
others, notification of any errors which may have escaped detection. 

H. B. BROWN 
A. J. BRYANT 

February, 1937 
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CHAPTER T 


ENERGY VALUE OF FUEL AND ITS MEASUREMENT—COM- 
BU8TION — EFFECTS OF HEAT — MEASUREMENT OF 
TEM]»ERATUKE AND PRESSURE — HEAT AND ITS 
MEASUREMENT—CONVERSION OF ENERGY 

Fuel is the term applied to solid, liquid or gaseous materials used to 
create heat energy by burning in air or oxygen. When fuel is 
ignited and placed so that a stream of air can pass through and 
over it, a chemical action takes ])lace with the production of a large 
amount of heat and sometimes light and sound energy. The 
^•hemical energy of the fuel is mainly transformed into heat energy. 
Coal is by far the most important fuel in the world, and the many 
varieties have been produced in the course of ages by the action of 
decay, heat and terrific pressure upon stratified accumulations of 
vegetable and woody material. A brief description of the most 
important fuels will be found on p. 52. The bulk of the natural 
fuels such as coal, wood, oil and natural gas consist of compounds 
of carbon, hydrogen and oxygen, together with small proportions 
of nitrogen, siflf)hur, moisture and mineral ash. Of these only 
carbon, hydrogen and sulphur will burn in air. The oxygen in the 
fuel suj)piies only a portion of that required for burning, and the 
chief source of supply of oxygen for combustion is the air. The 
burning of a small portion of fuel, which has been ignited, will 
generate sufficient heat to maintain combustion. 

All matter, including fuels, can be divided into elements, mixtures 
and chemical compounds. An element is a substance, such as carbon, 
which has never been divided into two or more chemically different 
constituents. A chemical compound consists of elements which have 
combined in definite proportions characteristic of it, and which are 
held together by a chemical attraction or force. Water is a com¬ 
pound, and it differs entirely from its constituent elements, namely 
hydrogen and oxygen. A compound requires a chemical action^ 

1 
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caused by heat or electrical energy, to split it into its elements, and 
the process of splitting involves no loss or gain of weight. A mixture 
possesses the properties of its constituents, between which no 
chemical action has taken place. Air is a mixture, mainly of nitrogen 
and oxygen, and contains about 23% of the latter by weight. 

Oxidation. This is the process of formation of a chemical com¬ 
pound between an element and oxygen. Rust or iron oxide is pro¬ 
duced by slow oxidation of the iron, while rapid oxidation occurs 
in the burning of the carbon and hydrogen compounds at a gas jet. 
Carbon combines with the oxygen of the air to form carbon dioxide, 
and hydrogen combines with oxygen to form steam or water. If 
carbon is burnt in an insufficient supply of oxygen, carbon monoxide 
gas is formed, and only about -^qUis of the heat available is developed. 
Carbon monoxide will itself burn to carbon dioxide in air or oxygen 
and develop the remaining j^ths of the heat to be derived from 
complete combustion to carbon dioxide. Sulphur burns to form 
sulphur dioxide gas, and in special circumstances phosphorus, 
magnesium and aluminium can be used as fuels. 

Expt. ]. Oxidation. 

Objects. To find the increase of weight of a piece of iron due to 
oxidation. 

Method of procedure. Polish, with emery cloth, a length of 
about 24 inches of iron wire of heavy gauge. Wind this wire into a 
coil, closely wound, and about 1 inch diameter. Carefully weigh 
the coil, and subject it to heat from a series of burners in order to 
produce red heat, but not white heat. After a time the iron will 
become blackened ; if it is heated too fiercely it will burn, but pro¬ 
viding the heat is regulated a coating of oxide will develop on the 
iron. Weigh the iron after heating and account for the difference in 
weight produced by the heat. 

Conclusions. The process of heating polished iron in air pro¬ 
duces an oxide of iron at the surface. Since the oxide is formed by 
combination of the iron with the oxygen of the air, the coil after 
heating will weigh more than before heating. 

Combustion. Rapid oxidation is really a form of combustion. 
The latter may be defined as a chemical action or change between 
two substances accompanied by the production of heat, light and 
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sometimes sound energy. Flame, which usually accompanies com¬ 
bustion, marks the surface of contact between a combustible such 
as hydrogen and a supporter of combustion such as oxygen or air. 
The rapid oxidation produces such high temperatures that the small 
particles of the new compounds formed become radiant. The 
highest temperature to which a body can be raised without pro¬ 
ducing a flame is called the point of ignition. For coal it is about 
660® F. In the case of oil fuels the temperature of ignition is called 
the flash point. The flash point for oil ranges from about 430® F. to 
800® F., and is naturally dependent on the type of oil. For gaseous 
fuels the ignition temperatures are ctill higher, and may be as much 
as 1560® F. Spontaneous combustion occurs when the heat of oxida¬ 
tion accumulates in badly ventilated places until the point of 
ignition is reached. The same total quantity of heat is generated 
for a given combustion, however long oxidation takes or short the 
time of combustion. 

The combustion of coal is really a very complex process, and a 
full treatment cannot be given here. When heated, coal gives off 
gaseous products which, if the point of ignition is reached and suffi¬ 
cient oxygen is available, burn above the coal and leave the residual 
solid fuel to burn. 

Since 1 lb. of carbon requires 2| lb. of oxygen to form 3f lb. of 
carbon dioxide, and 1 lb. of h 3 >^drogen requires 8 lb. of oxygen to 
form 9 lb. of steam, and 1 lb. of sulphur requires 1 lb. of ox\^gen to 
form 2 lb. of sulphur dioxide, it is possible to calculate the least 
amount of air, or minimum air, to bum completely a quantity of fuel, 
provided the chemical analysis of the fuel is known. (See p. 35.) 

Example. If 1 Ih, of anthracite coal contains 0-9 IJb, of carhon^ 0 025 
Ih. of hydrogen and 0 005 lb, of sidphur, estimate the least quantity of air 
necessary to burn it, 

0-9 lb. of carbon requires 1 % =2 4 lb. of oxygen. 

0-025 lb. of hydrogen requires A 8 —0-2 lb. of oxygen. 

0-005 lb. of sulphur requires x 1 = 0-006 lb. of oxygen. 

Total =2-605 lb. 

In 100 lb. of air there is 23 lb. of oxygen, therefore 

the amount of air required = 2-605 x ^ =11-33 lb. 
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Actually about 18 lb. of air per lb. of fuel would be the least practical 
allowance. That is 18-11-33 or 6-67 lb. of excess air is usually neces¬ 
sary. In the above approximations the oxygen content of the fuel 
itself has been ignored. If oxygen is present in the fuel the amount of 
it is deducted from the weight of oxygen in the air to be supplied. 

Control of combustion in the boiler furnace and internal combustion 
engine. Rapid combustion, and the consequent great intensity of 
heat produced, is necessary for the greatest efficiency in the boiler 
furnace and in the internal combustion engine cylinder. The prin¬ 
ciples of efficient combustion can be dealt with for these two cases. 
The steam engine illustrates the external combustion engine where 
the fuel is burnt in a separate vessel called the boiler while the 
internal combustion engine has, as its name implies, a self-contained 
combustion chamber called the engine cylinder. 

The boiler furnace. The function of a boiler is to employ the heat 
energy developed by combustion to generate steam economically. 
To achieve this the air and fuel supply must be so arranged that com¬ 
plete combustion occurs with the least amount of excess air and in 
the minimum of time. A chimney must alw^ays be provided to dis- 
charge the products of combustion well above ground level so as 
not to create a nuisance. The chimney also serves to create the 
necessary strong current of air or draught through or over the fuel. 
In the chimney the hot gases are less dense than the cold air outside, 
and the unequal density condition thus set up causes the hot gases 
to rise and leave the chimney. Colder fresh air is caused to enter 
through and above the fire, and keeps it burning. This natural 
draught, as it is called, can be made a maximum if: 

(1) all the air is made to pass through the furnace, as leakage 

lowers the temperature of the furnace ; 

(2) an even thickness of fire is maintained and the thickness 

adjusted to the draught; 

(3) the cold air admitted above the fire, to bum the volatile pro¬ 

ducts given off when the fuel is freshly supplied, is reduced 

to a minimum. 

Since a chimney is rather an expensive structure, fkns are often used 
to increase the draught or air supply, and they are usfed if more 
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than 30 lb. of coal per sq. ft. of grate area per hour are to be con¬ 
sumed. Forced draught is obtained by fans or a steam blast delivering 
air under pressure to the furnace. Induced draught is obtained by 
placing fans at the base of the chimney and drawing air through 
the fire and flues, the whole of the gaseous products of combus¬ 
tion together with excess air passing through the fans into the 
chimney. 

Attention will now be given to the arrangement of the fuel or to 
stoking. The ideal condition of a furnace is a uniform state of white 
incandescence, and this means that the fuel must be supplied in thin 
even layers at frequent interval-, At the same time a little extra 
air should be allowed to reach the fire above the fuel to burn 
the volatile products and lessen the smedee. This may also be 
accomplished by adopting altematCiSide firing, which involves firing 
the right hand side of the furnace at one time and the left hand 
side at the next. Another method is called coking stoking, in which 
fresh fuel is thrown on the front portion of the grate, and after 
being more or less coked, it is pushed bodily to the back or bridge 
end of the fire to make way for a new supply. This latter method 
is that adopted in the mechanical chain grate stoker (p. 134). 

Pulverised or finely ground fuels and oil fuels are being increasingly 
used in boiler furnaces. No grate or stoker is needed and there is more 
* space for combustion. Finely powdered coal or oS 
under pressure in^ the combustion chfhibers, combined witnrorSh 
or induced draught; this maintains rapid combustion and^oduces 
very high temperatures. To reduce maintenance costs, it is found 
necessary to water-cool the furnace lining, and this is becoming 
standard practice, especially in large installations. It is found that 
the presence of an incandescent surface of material which does not 
easily fuse causes the flameless and complete combustion suitable for 
raising steam. The temperature, although high, is more even, and 
there is less straining of the parts due to unequal expansion. Also 
the large amount of radiant energy released ensures rapid trans¬ 
mission to the water. This principle of surface combustion has been 
applied to the burning of gaseous fuels in boilers, cookers and 
heaters, slight pressure being used to force a mixture of air and gas 
through porous non-fusible material, so that the gas bums on the 
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outside surface, which becomes incandescent as the res\ilt of this 
combustion. 

The internal combustion engine. If a combustible, such as hydrogen 
or petrol, be intimately mixed with air or oxygen, in suitable propor¬ 
tions, the mixture becomes explosive ; that is, combustion can take 
place with extreme rapidity. Should the mixture be confined and 
then ignited, as in an engine cylinder, the heat suddenly developed 
raises the temperature, and consequently the pressure, very quickly. 
It is this explosion pressure which is the source of power in gas and 
petrol engines. To make an explosive mixture, the percentage of 
combustible present must lie between certain limits. The rapidity 
of the combustion depends upon (1) the shape of the combustion 
chamber, (2) the properties of the mixture, and especially the 
pressure and temperature, (3) the type of ignition, (4) whether the 
mixture is turbulent or not. In the gas or petrol engine the tur¬ 
bulence of the explosive mixture, due to its rapid entry into the 
cylinder, assists the explosion and makes it more rapid. When 
detonation occurs each successive layer of explosive mixture is ignited 
by the heat of compression of an explosive wave travelling at about 
8000 ft. per sec. Hence in this case the combustion is vastly quicker 
than with ordinary explosions, and it produces the effect known as 
knocking when it occurs in the internal combustion engine. 

Temperature and heat. The distinction between quantity of heat 
and intensity of heat must be clearly understood. Irrespective of 
the quantities of hot or cold water, it is possible to estimate roughly, 
by the sense of touch, the intensity of heat or temperature of each. 
To measure temperatures more accurately a thermometer is used. 
The uniform expansion of substances, such as mercury, with rise of 
temperature, provides an excellent and ready means of measuring 
temperature. To standardise thermometers, fixed points are chosen, 
namely, the freezing and boiling points of pure water when the 
pressure is that due to 30 in. of mercury (see p. 30). For higher 
temperatures the boiling points of sulphur and mercury provide 
fixed points, and since the boiling point of a liquid depends on the 
pressure, this must also be standardised. The fixed points mark the 
main points on the thermometer scale, which for convenience is 
divided into a large number of divisions or degrees. Fig. 1 shows 
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a comparison between the two best known thermometer scales, 
namely tlie Fahrenheit and Centigrade. A graph is also shown 



Fk;. 1. Mercury thermometer Fio. 2. Equation of graph 

si lowing Fahrenheit and Centi- E = lK>+32. 

grade scales. 

(Fig. 2), which may be used for the conversion of temperature 
readings from one scale to another. The 
equation F = IfC + 32 may also be used for 
conversion. 

Expt. 2. 

Object. To mark the higher and lower 
fixed points on a mercury thermometer. 

Method of procedure, (a) The lower 
fixed point or freezing point. Prepare a 
supply of finely broken ice which has been 
thoroughly washed. Place this in the form 
of a close pack in a funnel (Fig. 3), and 
through the centre insert a pencil to prepare 
a place for the thermometer : make sure 
the drainage hole is free and insert the Fig. 3. Thermometer 

thermometer into the pack. Allow the observation 

thermometer to remain in the ice pack for freezing point, 
some time, until it can be regarded as registering the temperature 
of melting ice. The thermometer is then raised until the mercury 
is just visible and a slight scratch placed on the tube at the mercury 

n B.B.E.S. II 
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level The trade process is to mark this scratch on a thin layer of 
wax “ resist or varnish and then etch the glaw in the vapour of 
hydrofluoric acid, which has the special property of attacking glass. 

(6) The higher fixed point or boiling point. The process of marking 
this fixed point depends upon obtaining the temperature of steam 
produced from boiling water, but it must 
be remembered that the temperature of 
formation of stearii depends on the baro¬ 
metric pressure. In order to obtain a true 
marking it is thus necessary that the experi¬ 
ment be performed when the barometer 
reading is as near as possible to 760 mm., 
otherwise a correction will have to be applied 
for the variation of pressure. A glass tube 
fitted into a flask (Fig. 4) is surrounded by 
a large diameter tube fitted with a cork 
bored to receive the thermometer. The 
steam passes through the inner tube, which 
is shorter than the outer and contains the 
thermometer, and is then exhausted through 
an outlet in the bottom of the outer tube. 
The thermometer is freely fitted to the cork 
of the outer tube, and it is prevented from 
falling through the cork by a rubber band 
fitted to it above the cork. Thus the whole 
of the mercury in the thermometer is im¬ 
mersed in the steam passing through the inner tube, but is not 
in contact with the water from which the steam is formed. When 
the thermometer has a settled registration of the temperature of 
the steam it is raised sufficiently to mark the stem at the mercury 
level. The thermometer may then be completely graduated by 
fixing it to a wooden base and subdividing the distance between 
the higher and lower fixed points to show degiees Centigrade or 
Fahrenheit. 

Note. —In the process of preparation of a mercury thermometer 
the end is sealed while the mercury is at such a temperature that it 
fills the whole of the thermometer stem, and the walls of the stem 
are of such a thickness that they will withstand the external air 
pressure on cooling. If this precaution were not taken there would 
be air above the mercury, and this would tend to burst the thermo¬ 
meter with inorease of temperature and pressure. An enlargement 
of the bore at the top of a thermometer will also prevent bursting 



detonmnmg the boiling 
point on a thermometer. 
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by the expanding liquid dhould the thermometer be accidentally 
raised above its normal maximum readmg. 

Examples on the conversion of temperatures. 

Example 1. The hoilirvg and freezing points of turpentine are respec- 
lively 169° C, and - 10° C, Convert these temperatures to the Fahrenheit 
scale. 

Fahrenheit reading=f''(Centigrade reading)+ 32. 

This is because 0° C. is equivalent to 32° F. and 100 Cen. degrees are 
equivalent to 180 Fahr. degrees. 

As an algebraic equation, 

2^ = 10 +32. 

For C=-159°, F=:|x 159+32 = 318-2®. 

ForC= -10°,F = f x(- 10) + 32= -18 + 32 = 14®. 

Thus to convert to Fahri»nheit temperature, multiply the Centigrade 
temperature by f and then add 32. 

Example 2. The melting points of glass, cast iron and tin are respec¬ 
tively 2012° F., 2192° F. and 450° F, What are these temperatures on the 
Centigrade scale? 

In these cases the procedure must be reversed. 

Thus to convert to Centigrade temperature, subtract 32 from the 
Fahrenheit temperature and then multiply by f. 
an algebraic equation, C = l(F - 32). 

For F = 2012. 0 = J(2012 - 32) = f x 1980 = 1100®. 

For F = 2192, O = f (2192 - 32) = f x 2160 = 1200®. 

ForF= 460, C = i(460-32) =| x 418 = 232f®. 

Example 3. Ammonia and carbon dioxide liquefy at - 28-3° F. and 

109° F. respectively. Convert these temperatures to the Centigrade scale. 

For F= -28-3°, C= S(F-32) = |( - 28-3 - 32) =| x -60-3= -33-5°. 
^orF= -109°, a = t(-109-32) = |(-141)= - 78j°. 

Effect of heat on the dimensions. Certain alloys keep their original 
dimensionp when heated over a considerable range of temperature, 
but most materials increase in size when heated, while a fewdecrenise. 
Change of dimension occurs in all directions, and expansion or con¬ 
traction is referred to as linear if considered in one direction only, 
superficial if change of area is considered, and cubical for change of 
volume. 



10 


ENGINEERING SCIENCE 


The coefficient of linear expansion for a material, when heated 
uniformly, is the average increase in any dimension, per degree rise 
in temperature, per unit of length. This coefficient will be larger in 
Centigrade units than in Fahrenheit units, as the former unit is 
larger, in the ratio 9:5. The coefficients of superficial and cubical 
expansions are taken, in engineering practice, as respectively double 
and treble the coefficient of linear expansion. 

Let a metal cube of side I in. be raised in temperature 1' F., and 
the coefficient of linear expansion of the material be a. 

New length of each edge =Z+Zxaxl=Z(l-fa). 

New area of each face =Z(1 +a) x Z(1 H-a) 

= Z2(i+2a+a2) 

= Z2(1 4- 2a), if is neglected in 

comparison with a, which is 
very small. 

Increase in area of each face = - P=2a^^. 

rn • n ^ , . increase of area 

Coefficient of superficial expansion =—-:-- 

original area x rise of teinj). 

2a?2 ^ 

= 2 X coefficient of linear expansion. 


Similarly, 

New volume of cube 
Increase in volume 


^[1(1+ (K)f = P (1 4 3a + 3or 4- a^). 
= /^(l 4-3a) if powers of a arc 
neglected in comparison with a, 

increase of volume 


Coefficient of cubical expansion = ——=—-s -:-- 

original volume x rise of temj). 

SPoc 

= i3-=3“ 

3 x coefficient of linear expansion. 

Thus, 

Increase of area = original area x rise in temp, x 2a. 

Increase of volume = original volume x rise in temp, x 3a. 

It Mull be noted that in deriving these results all powers of a in 
excess of 1 have been neglected. This is justifiable in practice, for 
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if a =0 001, =0*000001 and a® =0*000000001, quantities which are 

negligible in comparison with 0*001. 

The alteration in dimensions due to temperature change has 
always to be allowed for in practical work in all branches of engi¬ 
neering. To quote a few examples, there is the allowance to be 
made for the shrinkage in castings after cooling, the expansion bends 
and joints to provide for the increase in length of steam pipes, the 
gaps left between the rails on the railway and at the end of long 
bridges to allow for the differences of length under conditions of 
siiiniiier and winter temperatures. If allowance is not made and the 


natural expansion is restricted the 
material is stressed accordingly, 
with ])erhaps disastrous conse- 
(jiiences. Sometimes the differ¬ 
ence in the rates of expansion of 
two different materials is utilised 
in the making of a secure fasten¬ 
ing, such as the shrinkage of a 
steel tyre on a wheel. The tyre 
is bored slightly smaller than the 
w heel and heated sufficiently to be 
fitted on. After cooling the shrink- 
fige or contraction causes a very 
tight and binding fit between tyre 
and wdieel. The principle is wddely 
utilised, especially in the construct¬ 
ion of big guns, flywheels, thick 
cylinders and fastenings generally. 

Expt. 3. Expansion of solids. 

Objects. To determine the co~ 
efficient of linear expansion of cop» 
per, brass and aluminium. 



Fig. 6. Linear expansion. 


Apparatus. The apparatus (Fig. 5) consists of a cast iron base 
with a prepared flat top surface; two rods attached to this base 
carry a crosshead, to which is fitted a spherometer to read to Tools bi. 
A sliding support is adjustable to any position along the rods. The 
specimens consist of tubes about | in. diameter and 18 in. in length. 
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with their ends sealed by means of flat plates surfaced to two flat 
surfaces. Steam inlet and exhaust tubes are fltted to these speci¬ 
mens, and a thermometer pocket is inserted to carry the thermo¬ 
meter . Steam is passed from the boiler through the inlet tube and 
exhausted into the atmosphere. 

Method of procedure. Clean the flat surfaces of the tube ends 
and the base plate. Adjust and read the spherometer just to make 
contact with the tube end, and note the temperature before the 
steam is admitted. Slack back the spherometer so that the tube has 
freedom to expand without damage to the instrument, and then 
allow the steam to pass through the tube until the thermometer 
registers a steady temperature. Now screw down the spherometer 
just to make contact again with the tube end, note the reading and 
subtract from this reading the initial reading. This quantity is then 
the linear expansion of the tube. Repeat the experiment for the 
brass and aluminium tubes. 


Observations. Length of tube = 18 in. 


Observation 

Copper 

Brass 

Aluminium 

Initial spherometer reading 

0-357 in. 

0-376 in. 

0-325 in. 

Final spherometer reading - 

0-379 in. 

0-401 in. 

0-354 in. 

Expansion 

0-022 in. 

0-025 in. 

0 029 in. 

Initial temperature - 

18° C. 

18° C. 

18^ C. 

Final temperature 

90° C. 

91° C. 

90" C. 

Rise in temperature - 

72° C. 

73° C. 

72° V. 


Derived results. The coefficient of linear expansion is the 
expansion per unit length per Cen. degree rise in temperature. 

Thus the coefficient of linear expansion is 

expansion (in.) _ 

length (in.) x rise in temp. (° C.) 

In comparing the following results it is worthy of note that an alloy 
of iron and nickel (known as inyar) used in clock and instrument 
making has the value for a of only 0 (XX)0012 per Cen. degree. Values 
of a for cast iron, wrought iron, nickel, steel and glass tube are 
respectively 0(X)00106, 0 00001139, 0 00001019, 0 00001321, 

0*00000833 per Cen. degree. 
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Copper - 
Brass - 
Aluminium 


0022 
“"18 x72 
_ 0 025 
“"18 x73 
0029 
“"18 x72 


= 0 000017 


= 0 000019 
= 0 0000224 


Note. —The correct values for the coefficient of linear expansion are 
as follow. Copper 0*0000168, Brass 0*0000187, Aluminium 0*0000222 
per degree Centigrade. 

Example 1. A steam pipe is 50 ft. long at 50° F. What is its length 
when full of steam at 700° F.? Take ^ as 0-0000066. Assume 700° F, is 
the temperature of the pipe. 

Increase in length = 50 x 0-0000066 x 650 
= 0-2145 ft. 

New length = 50-2145 ft. 


Example 2. The two halves of the boss of a flywheel are joined together 
by two rings shrunk on the ends. If the boss is 0 in. in external diameter 
and the internal diameter of the rings 5-988 tn., calculate the lowest range 
of temperature through which the rings must be heated in order to be fitted 
to the boss, a = 0-0000066. 

Sinc(» the diameter is proportional to the circumference, this problem 
i^ really one of increase of diameter. 

Increase of diameter = 6 - 5-988 in. = 0-012 in. 

5-988 X 0-0000066 x rise in temp. = 0-012 ; 


or, rise in temp. = 


0-012 


5-988 X 0-0000066 


: 304° F. 


Example 3. If the boss in Example 2 is assumed to be unyielding^ what 
is the approximate circumferential strain and stress in the rings. E = 
Young's modulus ~ 30 x 10* lb. per sq. in. 


Strain — circumference 

Original circumference 


00127r 

5-9887r 


- 0-002 nearly. 


Stress = E X strain = 30 x 10* x 0-002 = 60.000 lb. per sq. in. 
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EzaznpJe 4. A steam pipe, 10 ft. long, at 50^ is /tiled with steam at 

500° F. Find the increase in length if the linear coefficient of expansion 
for the inetal of the pipe is 0*000012 per Cen, degree. Find the new area of a 
butterfly valve in this pipe if its original area was 27 sq. in, 

Coefiiciont of expansion per ° F. —0 000012 xf =0*00000667. 

Increase in length = original length xriso of temp, y coefficient 
= 10 X 450 X 0 00000667 =0*03 ft. =0*36 in. 

Coefficient of superficial expansion =0*00000667 x 2 =0*00001334. 

New area=27+27 x450 x0*00001334 =27+0*1617 =27*162sq.in. 

Example 5. Calculate the density of a specimen of copper at 620'' G, if 
at 20° C, its density is 526 Ih, per cu, ft, a = 0*0000504 per Cen, degree, 
where a is the coefficient of cubical expansion, 

1 cu. ft. at 20° C. will become 1 + 1 x 600 x 0*0000504 cu, ft. at 620° C. 

= 1 03024 cu. ft. 

1*03024 cu. ft. at 620° C. weighs 526 lb. 

526 

.'. 1 cu. ft. at 620° C. weighs = 510*6 lb. 

The continued application of heat when a certain point is reached 
will probably produce a change of state as well as a change of 
dimensions. This effect of heat is dealt with on p. 22. Also the 
effect of heat on metals plays a vital part in the processes of harden¬ 
ing, normalising, annealing, welding and forging, and makes it 
imperative for the engineer to have a knowledge of the methods .of 
the measurement of temperature and of heat quantities. 

Measurement of heat quantities. Simple physical experiments in 
mixing different masses of liquids and solids at varying temperatures 
show that three things are required to estimate the quantity of 
heat a body possesses. These are: (1) the nature of the material 
composing the body, (2) the mass of the body, and (3) the tem¬ 
perature. Thus if the mass of a body is unaltered, and it does not 
change its state, the quantity of heat it possesses is approximately 
proportional to its temperature. The heat units employed are 
generally as follow. 

(1) The British Thermal Unit (B.Th.U.) is the quantity of heat required 
to raise 1 lb. of water through a Fahr. degree. Strictly speaking, it 
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Ttio^b of the quantity of heat required to raise 1 lb. of water from 
32'" F. to 212° F., because the anjount of heat required varies slightly 
with the temperature. 

(2) The gram-calorie is the amount of heat required to raise 1 gram 
of pure water from 0° to 1® C. 

(3) The Centigrade heat unit (C.H.U.) or pound calorie is yJoth of 
the amount of heat required to raise 1 lb. of water from 0° C. to 
100° C. 

(4) The Therm is equivalent to 100,000 B.Th.U., and is the unit 
of supply of energy in the gas industry. 

Since the units of mass are the same for both the B.Th.U. and 
the C.H.U. and 1 Cen. degree ==1*8 Fahr. degree, then 1 C.H.U. is 
equivalent to 1 *8 B.Th.U. The difference between the C.H.U. and the 
gram calorie is principally in the unit of mass. Therefore 1 C.H.U. 
is equivalent to 453*6 gram calories because 1 lb. =453*6 grams. 

It is important to notice that if a gram of substance contains 
h gram calories, then 1 lb. of the same substance under the same 
conditions contains k C.H.U. or 1*8 ^ B.Th.U. 

The amount of heat required to raise the temperature of 1 lb. of a 
substance through 1° is often called the specific heat of the substance. 
Also the specific heat of a substance is frequently regarded as the 
ratio 

heat to raise the substance 1° 
heat to raise the same mass of water 1° 


The specific heats of a few substances are given in the following 
table: 


Substance 

Specific 

heat 

Substance 

Specific 

heat 

Water 

1 

Flue gases at con- 


Steam at constant 


stant pressure - | 

0 25 

pressure at 100° C. - 

0*465 

Air at constant pres¬ 


Sea water - 

0-94 

sure 

0*2375 

Alcohol 

0-55 

Cast iron 

0*119 

Mercury 

0033 

Copper - 

0 0936 



Aluminium 

0*219 
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Loss or gain of heat is measured by the product 

mass of body x specific heat of body x change of temperature. 

The water equivalent of a calorimeter is the quantity of water which 
will have the same heat capacity as the calorimeter. This quantity 
will be the weight of the calorimeter times the specific heat of the 
material from which it is made. In this case the water equivalent 
is W 2 X S grams. 

Note. It is general to make calorimeters of spun copper or 
aluminium. The specific heat of copper is generally taken as 0 094 
and that of aluminium as 0*219. 

Expt. 4. Introduction to the method of mixtures. 

Object. To verify the principle that the total heat of a mixture is, 
immediately after mixing, equal to the sum of the total heats of its 
constituents before mixing. 

Apparatus. Two calorimeters, a stirrer, thermometer, a balance 
and weights. 

Method of procedure. Weigh each of the calorimeters, when 
dry and empty, and about one quarter fill each with water. Find 
by weighing the weight of water in each calorimeter, and determine 
the water equivalent of the second calorimeter by multiplying its 
weight by the .specific heat of copper 0*094. Heat the water in the 
first calorimeter A to about 80° C. and note the temperature of the 
water in each calorimeter. Pour the contents of the first calorimeter 
into the second, stir and note the final temperature. Then the total 
heat possessed by the second calorimeter and its contents, after 
mixing, should be equal to the heat possessed by the second calori¬ 
meter and its contents together with the heat possessed by the 
water in the first calorimeter before mixing. 

Observations. 

Weight of calorimeter B =57*3 gm. 

* Weight of calorimeter B + water = 119*4 gm. 

Weight of water in B = 62*1 gm. 

Water equivalent of B =57*3 x 0*094 

= 5*4 gm. 

Temperature of B before mixing = 16° C. 
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(X) Total heat of B =^16 (62*1 + 5*4) 

= 16x67*5 
= 1080 calories. 

Weight of calorimeter A 

= 63*1 gm. 

Weight of calorimeter A + water 

= 124*9 gm. 

Weight of water in A 

= 61*8 gm. 

Temperature of A before mixing 

= 78° C. 

( Y) Total heat of water in A 

= 78x61*8 
= 4820*4 calories. 

After mixing: 


Weight of water in B 

= 62*1+61*8 
= 123*9 gm. 

Temperature of B 

= 45° C. 

(Z) Final total heat of B 

= (123*9+5*4)45 
= 5818*5 calories. 

This should be equal to X + F, that is. 


x + r=z, 


or 1080+4820*4 =Z. 


5900*4 =Z. 



Thus the difFeronce between 5900*4 and 5818*5 calories are lost in 
the process of mixing, probably due to observational errors and 
Josses of heat to the surroundings. 

Exft. 5. An extension to Expt. 4. 

Objects. To perform Experiment 4, tising a coil of iron wire of 
weight equal to the water in the first calorimeter. 

Method of procedure. Repeat Experiment No. 4, this time 
using a coil of iron wire of the same weight as the water, immersed in 
the water of the first calorimeter. Arrange for the same weight of 
water in the second calorimeter, and the same initial temperatures 
in each calorimeter. Transfer the iron coil to the second calori¬ 
meter, stir and notice the final temperature. Answer the following 
questions : (1) Is the final temperature of the water higher or lower 
than in Experiment No. 4 ? (2) Why is the resulting temperature 
different? Hence calculate the specific heat of iron (see Expt. 6.), 

Expt. 6 . Specific heat of solids. 

Objects, (a) To find the specific heat of copper. 

(6) To find the water equivalent of a calorimeter. 

Apparatus. A copper calorimeter (Fig. 6), thermometer, suitable 
lagging, and an accurate spring balance tP i^d in lb.; a piece of 
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copper rod suspended from a light string or cotton, a beaker, bunsen 
and tripod. 

Method of procedure. Weigh the copper calorimeter after it 
has been thoroughly cleaned and dried. About half-fill the calori¬ 
meter with water and again weigh ; 
hence determine the weight of water 
in the calorimeter. Stand the calori¬ 
meter in a box or large beaker and 
surround it with cotton wool or some 
suitable lagging to help to prevent 
transfer of heat to the air. Next heat 
a beaker of water to a temperature ap¬ 
proaching boiling point, and suspend 
the copper rod in this water after de¬ 
termining the weight of the copy)er. 
Take the temperature of the water 
in the beaker and that of the water 
in the calorimeter, then transfer the 
copper to the calorimeter, shaking clear any surplus water before 
immersing. Stir quickly the water in the calorimeter and take its 
final temperature. 

Theory of spectfic heat by mixture. The copper rod will, 
before transfer, contain a certain quantity of heat which, after 
transfer, will be shared between (a) the copper of the (*alorimeter, 
(b) the water in the calorimeter, (c) the rod itself. So that the heat 
gained by the water and the calorimeter will be ecinal to the heat lost by 
the copper rod if losses are neglected. 

Observations. 

Initial temperature of water and calorimeter = C. 

Temperature of copper before transfer = tf C, 

Temperature of water in calorimeter (final) =^ 3 ° C. 

Weight of copper rod = II j gm. 

Weight of empty calorimeter = W 2 gm. 

Weight of calorimeter + water = 11^3 gm. 

Weight of water in calorimeter = (IT 3 - gm. 

Derived results. 

(a) Heat lost by copper = ITi ~ ^ 3 ) x S calories, where S is 

the specific heat of copper. 

(b) Heat gained by calorimeter == ^" 2(^3 ~^i) ^ ^ calories. 



Fig. a. Specific boat of a solid. 
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(c) Heat gained by water W 2 ) (^3 - ^ 1 ) x I calories where 

the specific beat of water is unity. 

Now the heat equation becomes 


or 

and 


(a)=(6) + (c), 

~ ^3) = ““^1) (^3 "■ ^2) (^8 ^1) 

S = (^3 ^2)(^3 ^ 

Wj(t2 ~t3) — W2(t3 — tj) 


Expt. 7. Specific heat of solids. 

Object. To find the specific heat of iron, using a copper calori- 
ineter. 

Method of procedure. This experiment is conducted on 
himilar lines to the previous experiment. The specific heat of copper 
is assumed to be 0*094, and the water equivalent of the calorimeter 
is then taken as 0*094 x its weight. 

Observations. 

Initial temperature of water —t^ C. = 18° C. 

Initial temperature of iron = t^ C. == 98° C. 

Final temperature of mixture =^ 3 ° C. =25° C. 

Rise in temperature of the water = (fg - =7° C. 

Fall in temperature of the iron = - ^ 3 ) =73° C. 

Weight of iron rod = W\ gm. =95*5 gm. 

Weight of empty calorimeter =41*4 gm. = W 2 gm. 

Weight of water -f calorimeter =159*4 gm. = gm. 

Weight of water in calorimeter =118 gm. = ( 1^3 - gm. 
Derived results. 

Let S be the specific heat of iron. 

Water equivalent of calorimeter = 0 * 094172 . 

= 3*89 gm. 

Heat given to water and calorimeter = 121*89 x 7 =853*2 cal. 
Heat given up by iron = x (t^ ~ ^ 3 ) x S cal. 

= 95*5 X 78 X S calories. 

Heat gained by calorimet/cr and water = heat lost by the iron. 
853*2 = 95*5 X 73 X S. 
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JSxPT. 8. Specific beet of liquids . 

Object. To determine the specific heat of oil. 

Ape ABATES. The apparatus for this experiment is a copper 
calorimeter and a piece of copper or iron of known specific heat. 

Method of procedure. The same observations have to be 
taken for this experiment as in the previous experiments on specific 
heat of solids. In place of water in the calorimeter a quantity of 
oil is employed, and the heat gained by the calorimeter and the oil 
is equal to the heat lost by the piece of copper or iron. 

Observations. 


Weight of empty calorimeter = 41*4 gm. 

Weight of calorimeter and oil = 136*6 gm. 

Weight of oil = 95*2 gm. 

Initial temperature of oil = 18° C. 

Initial temperature of copper =98° C. 

Final temperature of copper and oil = 26° C. 

Fall of temperature of copper = 72° C. 

Rise of temperature of oil = 8° C. 

Weight of copper =57 gm. 

Derived results. 

Let S be the specific heat of the oil. 

Water equivalent of calorimeter = 41*4 x 0*094 =3*89 gm. 

Heat given to calorimeter and oil = 3*89 x 1 x 8 + 95*2 x S x 8, 
where the specific heat of water is unity. 

Heat lost by copper = 57 x 72 x 0*094, where 0*094 is the specific 
heat of copper. 

Then 3*89 x8 + 95*2 x8xS=57x72x0*094, 

31*12+761*68 = 385*78, 

761*68 = 354*66, 

8=0*465. 


Example 1. If 40 lb. of metal required 62 C.H.U. to raise its tempera¬ 
ture from 46° F. to 136° F., calculate the specific heat of the metal. 

Rise of temperature = 136° F. - 46° F. =90 x f or 50 Cen. degrees. 
Hoat required = 62 C.H.U. =40 x 50 x specific heat. 

62 

specific heat = 7 k—^ =0*031. 

^ 40 X 50 
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Example 2. Air is supplied to a furnace at a temperature of 100° F» at 
the rate of IS Ih, of air to lib. of fuel^ and the spent gases lectoe the flue at 
500° F. CalciUate the heat energy lost per lb. of fuel. 

Mass of products of combustion =Wt. of air + Wt. of fuel 

= 18+1 =19 lb. 

Specific heat of gases (approx.) =0*25 (see table p. 15). 

Rise of temperature =500® - 100® =400° F. 

Heat energy lost up chimney per lb. of fuel 

= mass X specific heat ^ temp, rise 
= 19 X 0*25 X 400 =1900 B.Th.U. 

Or, X 190f‘ = 1065f C.H.U. 

Example 3. If carbon monoxide produces 4390 B.Th.U. per lb. when 
it is hurrUf and if it requires 2\ lb. of air as a minimum for complete com- 
bustioHt estimate the highest temperature that could be reached. Take the 
specific heat of the gases as 0*25 and neglect all losses. 

Equate the heat available to the heat gained by the spent gaaes, and 
assume the specific heat remains constant. 

Total mass of gas x specific heat x rise of temp. =4390 B.Th.U. 

3i X 0*25 X t =4390. 

4390 

t —- =5017. Ans. 5(tt7 Fah. degrees above air temp. 

X J 

Owing to losses this could not be attained in practice. 

Example 4. Convert 1 therm, 1 B.Th.U. and 1 C.H.U. to gram calorie 
heat units, given that 1 ^6. = 453*6 gm. Also determine the number of 
gram calories equivalent to 1 B.Th.U. 

1 B.Th.U. is equivalent to 1 lb. of water through 1 Fahr. degree, 
or 453*6 gm. of water through 1 Fahr. degree, 

or water through 1 Cen. degree. 

1*0 

= 252 gram calories. 

1 B.Th.U. is equivalent to f of a C.H.U., since 1 Fahr. degree=f Cen. 
degree. 

1 C.H.U. is equivalent to f x 252 = 453*6 gram calories. 

1 Therm = 100,000 B.Th.U. = 252 x 10* gram calories. 

Also, since 1 B.Th.U. = 25!? gram calories, 
then 1 gram calorie =t|t or 0*003968 B.T&.U. 
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Ezi^ple 5. A cylinder contains 2 cu. ft. of coal gas which if reduced to 
normal temperature and pressure {N.T.P., seep, 39) would occupy 20Qcu,ft, 
If each cu. ft. at N.T.P. produces 600 B:Tft>U. when it is burnt, calculate 
the ttumher of B.Th.U., therms and C.H.U. available in this quantity of 
gas. 

No. of B.Th.U. = 200 x 500 - 100,000 

— 1 thenn. 

No. of C. H.U. X 100,000 = 55,555f. 


^g^ample 6 . The weight of metal in the pipes, thermal storage tanks, 
heaters, etc., in the hot water system of a house is 420 lb. and the weight of 
water is 3000 lb. Calculate the water equivalent of the system. Specific 
heat of rnetal = 0 * 11 . 


Water equivalent of metal = 420 x O il = 46*2 lb. 
Wt. of water = 3000 lb. 


Total 


= 3046*2 lb. 


/Example 7. The dry flue gases leaving the air pre-heater of a boiler 
Consist of 13*4% of carbon dio.xide, 5-b^o of oxygen and 81'1 of nitrogen, 

ami their temperature is 277° F. If their specific heats are respectively 
0*212, 0*218 and 0*248, calculate the heat lost to the chimney above 60° F. 
per Ih. of dry flue gas. What is the average specific heat of the gases? 

1 lb. of dry flue gks contains : 

0*134 lb. of CO2 containing 0*134 x 0*212 x (277 - 60) or 6*164 B.Th.U. 

0*055 lb. of O 2 containing 0*055 x 0*218 x (277 - 60) or 2*602 B.Th.U. 

0*81 lb. of N 2 containing 0*81 x 0*248 x (277 - 60) or 43*591 B.Th.U. 

Total = 52*357 B.Th.U. 

4 /'lx total heat 52*357 ^ 

Average specific heat =-::- - -= -——; = 0*241. 

mass X temp, change 1x217 


Change of state. Nearly every substance, under suitable condi¬ 
tions of pressure and temperature, can exist in one of three states 
as gas, liquid or solid. For example, steam, water and ice are the 
same chemical substance in three different physical states. 

Sensible heat is the name given to the heat received by or ab¬ 
stracted from a solid or liquid which produces a rise or fall of 
temperature. Hence a thermometer will record the receipt or loss 
of sensible heat and make it evident to the senses. A solid can 
absorb sensible heat until its temperature of melting or melting 
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point is reached, while a liquid can absorb sensible heat until its 
temperature of vaporisation or boiling point is reached. 

Both at the melting point of a solid and at the boiling point of a 
liquid considerable quantities of heat are required to change the 
state of the substance, that is, either to melt or vaporise it. Similarly 
considerable quantities of heat must be abstracted to’freeze a hquid 
or liquefy a vapour. This heat is called latent heat, and the thermo- 
meter records no change until all the substance has been melted, 
vaporised, frozen or liquefied as the case may be. 

At atmospheric pressure, change of state takes place at a tempera¬ 
ture which is characteristic of the substance, and this fact is utihsed 
in the determination of the fixed points on thermometers. Different 
substances require different quantities of latent heat to produce a 
change of state, but the amount is always exactly the same for any 
given pure substance under the same physical conditions. The 
presence of impurities alters the characteristic temperature at which 
the pure substance changes state, and also varies the amount of 
latent heat required to produce the change of state. A change of 
j)ressure also varies the temperature of change of state, more 
especially that of the boiling point, and the quantity of latent heat 
required ; but it should be realised that, under a given set of condi¬ 
tions, no change of state can be effected without the addition or 
subtraction of a fixed quantity of heat known as the latent heat 
^^hich is associated with that particular change of state. 

In the case of alloys or mixtures the change of state of each con¬ 
stituent occurs at its appropriate temperature, and thus in the cooling 
curve of an alloy two or more periods of change of state are shown. 

The latent heat of fusion of a substance is the quantity of heat 
which must be given to unit mass to change it from a solid to a 
liquid (i.e, to melt it), or subtracted to change it from a liquid to a 
solid (i.e. to freeze it). 

The latent heat of vaporisation or evaporation of a substance is the 
quantity of heat which must be given to unit mass to change it from 
a liquid to a vapour (i.e, to evaporate it), or abstracted to change it 
from a vapour to a hquid {i.e. to’condense it). 

Thus, if L units of heat is the latent heat of 1 lb. of a certain sub¬ 
stance at the temperature and pressure corresponding to a change of 

B.B.fi.S. II 
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state, then x units of heat applied or abstracted when the substance 

X 

is at that temperature and pressure will change the state of y lb. 

Li 

of the substance. This is true even when a; is a very small quantity. 

When specifying the quantity of sensible heat a body possesses, 
the base or datum temperature must be given, above which the heat is 
reckoned. 

In specifying latent heat quantities care must be given to state : 
(a) the kind of substance and its condition (b) the pressure or 
temperature, since one depends on the other, (c) the nature of the 
change of state, (d) the units of mass and temperature employed. 

The following are examples of complete statements : 

The latent heat of vaporisation of steam at 1000 lb. per sq. in. 
absolutejs 660-2 B.Th.U. per lb. 

The latent heat of evaporation of carbon dioxide at 760 mm. of 
mercury is 137*9 gm. cal. per gm. 

The sensible heat contained by 1 lb. of iron at 100® C. is 

1 x0-119x80 

or 9-52 C.H.U. reckoned above a base temperature of 20® C., or 
1 X 0-119 X 100 or 11-9 C.H.U. reckoned above a base temperature 
ofO® C. 

It is worthy of notice that James Watt first pointed out that when 
a certain weight of steam at 212® F. was passed from a kettle into a 
jar of cold water, the steam raised nearly six times its weight of 
cold water to boiling point (212° F.). In hot countries drinking 
water is stored in unglazed or slightly porous vessels, the heat neces¬ 
sary for the evaporation of water from the surface of the vessel, being 
abstracted from the water within, thus keeping it cool. In a similar 
way, even in strong sunlight, a wet blanket surrounding ice will 
preserve the ice in a solid condition, providing the water from the 
blanket is allowed to evaporate freely. In fact, the lowering of the 
boiling point of liquids with the pressure, and the absorption of 
heat from the surrounding medium necessary to produce evapora¬ 
tion at that pressure, is the main principle of the modern refrigerat¬ 
ing machine. The vapours generally employed are those of ammonia 
and carbon dioxide. 
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As with specific heat, the latent heats of substances, their melting 
and their boiling points must be determined by experiment with 
apparatus of a refined nature. 

Expt. 9. Change of state. 

Object. To find the latent heat of fusion of ice. 

Apparatus. A copper calorimeter, some broken ice and a 
jhermometer. 

Method of procedure. Weigh the calorimeter, and add to the 
calorimeter about one half its capacity of water. Find the weight 
of the water by weighing the calorimeter plus water and subtracting 
the weight of the calorimeter. Ifeat the calorimeter and water to 
about 40° C. and dry the ice thoroughly. Note the temperature of 
the water. Immerse the ice in the water, stir thoroughly until all 
the ice is melted, and note the final temperature of the water. Then 
weigh the calorimeter plus water plus melted ice. 

Observations. 

Weight of empty calorimeter = 41*4 gm. 

Weight of calorimeter + water = 123*7 gm. 

Weight of water = 82*3 gm. 

Weight of ice = 16*1 gm. 

Initial temperature of water =40° C. 

Final temperature of water =21° C. 

Fall of temperature of water = 19° C. 

Derived results. When the ice is added to the water the ice 
melts and absorbs heat according to its latent heat of fusion. Thus : 
Heat lost by the calorhneter and the water ^latent heat required to melt 
the ice + heat required to raise the temperature of the melted ice to the 
final temperature of the water. 

Let L be the latent heat of ice. 

Water equivalent of the calorimeter = 414 x 0*094 =3*89 gm. 

Then (82-3+3*89)(40~21) = 16*lL + 161 x21. 

86*19 X 19 = 161L+338*1, 

1637*6 = 16*1L +338*1, 

16*1L = 1299*5, 

L=80*7 cal. per gm. 

Note. The latent heat of fusion of ice, as determined by accurate 
experi'ment, is 79*7 gm. cal. per gm. 
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Expt. 10. Change of state. 

Object. To determine the latent heat of vaporisatim of water at 
atmospheric pressure. 

Apparatus. An evaporating flask, steam trap, a calorimeter, 
stirrer and thermometer (Fig. 7). 



Method of procedure. Water is evaporated in the flask and 
the steam passed through the steam trap, where most of the condensed 
steam is retained. Thus the dry steam is passed into the calorimeter 
of cold water, where it is condensed and produces a rise of tempera¬ 
ture. The following observations are taken : Weight of calorimeter, 
weight of calorimeter plus water before and after passage of steam, 
weight of water and the initial and final temperatures of the water. 
It is important to keep the water gently stirred during the passage 
of the steam. 

Observations. 

Weight of calorimeter =41-4 gm. 

Water equivalent of calorimeter = 41*4 x 0-094 = 3-89 gm. 

Weight of water + calorimeter =127 -6 gm. 

Weight of cold water = 86-2 gm. 
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Weight of water -f calorimeter 
+ condensed steam 
Weight of condensed steam 
Temperature of cold water 
Final temperature of water 
Temperature of steam 


= 130*8 gm. 
= 3*2 gm. 

==17° C. 

= 38° C. 

= 100° C. 


Derived results. The process of condensation of the steam 
gives to the cold water a quantity of heat represented by the loss of 
latent heat by the condensed steam. Thus, the heat given to the 
water and the calorimeter is equal to the latent heat given up by the steam 
together with the sensible heat required to reduce the temperature of this 
condensed steam to the final temperature of the water. 

Heat given to calorimeter + water 

= (86*2+3*89) X (38-17) =90*09x21 =1892 cal. 

Let L be the latent heat of steam. 

Then heat lost by steam f 

= latent heat + heat lost by condensed steam \ 

= 3*2L+3*2{100-38)=3*2L + 1984 cal. ' 

3-2L +198*4 = 1892. 

3*2L = 1892-198*4 = 1694. 

L =529*4 cal. per gm. 

Note. The value of the latent heat of vaporisation of 
water is, when determined by accurate experiment, 539*44 cal. 
per gm. The variation of the result obtained experimentally 
is due to the small losses caused by condensation of steam in 
its passage to the condenser and to loss due to radiation. 

Expt. 11. Melting point from the cooling curve. 

Object. To find the melting point of naphthalene by 
examination of its cooling curve. 

Apparatus. Take a small test tube and fit to it a 
cork carrying a thermometer. Groove the side of the 
cork so that the tube may not be airtight. Arrange in 
a suitable retort stand. 

Method of procedure. Melt in the test tube a quantity of 
paraffin wax or naphthalene ; then allow the wax to cool, recording 
the temperature at minute intervals until solidification has taken 
place. Plot a graph of temperature against time of cooling. 
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Graph and its interpretation. The temperature falls until 
for some period there is a steady temperature reading. This is the 

Kuelting temperature of the wax, 

I . j I I I [ [ I ■ j and the constancy of temperature 

’ is produced by the latent heat of 

the cooling wax providing a com 
pensation for the ordinary loss of 
heat by cooling. 

Note. It must be remembered 
that these results are taken with 
an ordinary thermometer ; under 
more accurate recording the solidi¬ 
fication line would not be perfectly 
horizontal ; in other words, the 
0 * r-® M latent heat would not exactly com- 

Fir 0 ^ F Jfn pensate the loss of heat b}' cooling. 

’ ‘ This experiment can be profitably 

performed in laboratories, where facilities exist for measuring higlu^r 
temperatures, with molten lead, and the results indicate a similar 
behaviour in the case of metals. Where an 


alloy is used there will be two or more solidi¬ 
fication lines indicating the melting points 
of the constituent metals. A change of vol¬ 
ume also accompanies a change of state (p. 81). 

Expt. 12. Regelation. 

The freezing point of water varies accord¬ 
ing to the pressure at which freezing occurs. 
Thus when ice is subjected to pressure the 
melting point becomes lower and some of 
the ice melts. When the resulting free 
water comes under atmospheric conditions it 
freezes again, and the property is called 
regelation. The experiment described illus¬ 
trates this process of regelation. Support 
a piece of ice with a ring of stout copper 
wire surrounding it. Add a weight to the 



Fio. 10. Experiment 
on regelation. 
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copper ring, and leave the ice for some time. It will be found 
that the pressure exerted by the copper wire will melt the ice 
immediately under the wire, and the wire will cut slowly through 
until it is ultimately free of the ice. While this is in process the 
water, still at 0° C., released by fusion of the ice will again be at 
atmospheric pressure and have a freezing point of 0° C., therefore 
it will again freeze, and after the wire has cut through, the ice will 
be found to be still in one solid piece. 

Example 1. Some water is raised in temperature from 15° C, to 100° C. 
hy blowing 30 Ih. of steam at atmospheric pressure into it. If the latent 
heat of steam at this pressure is 539*44 C,H,U. per Ib,^ calculate the weight 
of water heated. 

Let T^"=:wt. of water. 

Heat gained by water 
If X (100-15) xl 

W 

Example 2. The latei^ heat of fusion of zinc at atmospheric pressure 
is 26-6 C.H.U, per lb, and its melting point is 419*45° C, How much of a 
block of zinc weighing 40 lb, at 419*45° C, could be melted by supplying 
1000 C.H.U,? Neglect all losses, 

26*6 C.H.U. will melt 1 lb. of zinc. 

1 C.H.U. will melt lb. of zinc. 

26*6 

1000 C.H.r. will melt 1?.^ lb. - 37-6 lb. of zinc. 

2 ()*() 

. Example 3. If the latent heat of fusion of tin is 14*4 C,H,U, per Ih, at 
atmospheric pressure^ calculate the total heat per lb,y the quantity of sensible 
and latent heat in 1 cwt, of molten tin at its melting point of 232° C. 
Assume the specific heat of tin has a mean value of 0*055 over the range 
0° to 232 C, and measure the heat content above a datum level of 0° C, 

Total heat per lb. of tin = 1 x 0*055 x 232 +14*4 =27-16 C.H.U. 

Sensible heat above 0° C. = 112 x 0*055 x 232 = 1429 C.H.U 

Latent heat = 112 x 14*4 = 1613 C.H.U. 

Total heat reckoned from 0° C. = 3042 C.H.U. 


= heat lost by the steam. 

= 30 X 539*44. 

30 x539*44 ^ 

=- ^190-4 lb. 
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Example 4, Find the fined temperatvre of 100 gallons of cooling water, 
initially at 15° (7., which has been used to condense 100 lb. of ammonia 
vapour at atmospheric pressure, if the latent heat of vaporisation of ammonia 
at this pressure ^341 gm, cal, per gm. The water and ammonia do not mix. 

341 gm. cal. per gm. = ^ lb. cal. per gm., 

4rOO*l) 

341 X 463-6 „ , lu • 1 lu >iKo 

= —453~6— ^ lb. = 453*6 gm. 

= 341 lb. cal. per lb. 

100 lb. of ammonia vapour will give up 341 x 100 lb. cal. or 
C.H.U. to the cooling water. 


rise of temperature 
Final temperature 


34,100 34,100 

wt. of water 1000 
= 15°+ 34-1° = 491° C. 


Pressure. Many references have already been made to the word 
pressure in a general way. Pressure is a force, usually specified as 
acting on unit area, and the engineer is concerned with the measure¬ 
ment of the forces exerted by liquids and gases in different circum¬ 
stances. In 1643 Torricelli tested his idea that air had weight by 
showing that the weight of the atmosphere exerted a pressure which 
could support a column of mercury. The height of this mercury 
column provided a means of measuring the magnitude of the atmos- 


Open 



[L..n.? 


(a) (b) <c) (d) 

Fig. 11. The principle of the mercury barometer. 


pheric pressure. Fig. 11 shows the fundamental principles in¬ 
volved. Fig. (a) shows a J tube open at both ends, with the levels 
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of mercury at X and Y the same, since the air pressure is the same 
on each surface. In Fig. 11 (d), the long arm is closed and its upper 
end freed from all air and vapour, except that of mercury. This 
upper portion is almost a vacuum, the vapour pressure on the surface 
Y being negligible at ordinary temperatures. The pressure on the 
surface X is that due to the air, and therefore the difference of level 
and pressure between X and Y represents the atmospheric pressure. 
If the cross-sectional area of the tube is 1 sq. in., then the weight 
of the column YZ represents the atmospheric pressure in lb. per sq. 
in. Standard pressure is that due to a column of 30 in. (or 760 mm.) 
of mercury at 0° C. under standard gravity. Thus standard pressure 

= height of column x area x wt. of 1 cu. in. of mercury 
= 30 X 1 X 0-49 = 14-7 lb. per sq. in. 

The height of the mercury column sustained by a given pressure 
is the same whatever the cross-section of the tube or the angle at 
which it is held (Fig. 11 (c) and (d)). It is customary to speak of 
the pressure of liquids and gases as equivalent to so many inches or 
millimetres of mercury. Atmospheric pressure, or the barometer 
reading, may be referred to as so many in. or mm. of mercury. 

Fig. 12 shows diagrammatically how a mercury column (often 
called a manometer) could be employed to measure very low boiler 
pressures or flue draughts. The pressure on 
surface X must be the same as on a section at Z, 
therefore YZ registers the pressure inside the 
boiler. This pressure is called the gauge pressure. 

Since the pressure at Z is equal to atmospheric 
pressure plus that due to column of mercury 
YZ, then the actual pressure at X, which is 
termed the absolute pressure is equal to the 
atmospheric pressure plus the gauge pressure. 

Pressures below atmospheric have often to be 
employed. Instruments used for the measurement of pressure less 
than atmospheric are called vacuum gauges. A simple mercurial 
vacuum gauge is shown in Fig. 13, which shows a condenser pres¬ 
sure depressing the mercury column down to 25 in. Hence the 
absolute pressure in the condenser must be barometric pressure 


Cock 


To Boiler 


}iler 

•==^==;s 


Steam ^ 


Fig. 12. Mano¬ 
meter tube. 
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minus vacuum gauge reading. Vacuum pressures are measured 
below atmospheric, so that if the barometer were 29 in. and the 
absolute prossuro in the condenser 4 in., the 
Coch-^ id condenser pressure would be referred to as a 

I I vacuum of 25 in. A modem condenser often 

30 produces a vacuum of nearly 29 in. with a baro- 

25 meter reading of 30 in. This means the ab¬ 

solute pressure (measured above zero pressure) 

~ must be just over 1 in. of mercury. 

25 Note. —A pressure of 1 in. of mercury = 1 x 13*6 

10 or 13*6 in. of water, because mercury is 13-6 times 

^ as heavy as water. 

Pressure gauges are instruments which do not 
11 ^ employ columns of liquids for measuring pres- 


Fig. 13. Vacuum A large range of gauges are made to register 
gauge. blast and gas pressures up to 2 lb. per sq. in., 

and for recording hydraulic pressures of 12 tons per sq. in. For 
low pressures a diaphragm arrangement may be used, as with 
the aneroid barometer. These 
Schaffer gauges, which employ 

the diaphragm arrangement, \ 

will stand very rough usage. W \ 

The deflection at the centre oia m ^ 

corrugated diaphragm is taken f A 

up through a link and pivoted I ^ ^ r* 

toothed quadrant to a pinion R ^ 

which turns a pointer over a 
calibrated dial. These gauges, 

as well as those of the Bourdon ^ ^ 

type now to be described, may ^ ^ loi, 

be used to indicate the pressure 

of steam, gas, water, ammonia, ^^ g 

brine, petrol and oil. ^ ^ ^ 

The Bourdon pressure gauge 
(Fig. 14) may be designed for . 

high, low or vacuum pressure Fig. 14. Bourdon pressure gauge. 
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readings. The mechanism is httcd in a brass case with provision 
for a graduated and calibrated dial to show the range of pressures to 
be measured. The pressure is actually measured by the mov^ement 
of the free end of the curved tube, which is magnified by a toothed 
sector, and a pinion which carries the indicating needle. This 
curved tube is of flattened elliptical or D section. It is solid drawn, 
and made of special quality phosphor bronze for pressures up to 
1800 lb. per sq. in., and of alloy steel for higher pressures or for 
corrosive fluids. A screwed joint connects one end of the tu})e to 
the source of pressure, while the free end is connected by a link, 
freely jointed, to the arm of the pivoted toothed sector. A return 
spring prevents backlash ” between the sector and the pinion. The 
admission of fluid under pressure tends to straighten the tube and as 
one end is fixed, the movement takes place at the free end. This 
movement drags the link C connected to the sector arm, and the 
8ec‘tor D is compelled to rotate about its fulcrum. This movement is 
transmitted from the sector to the pinion, wliich, in turn, is coupled 
to the pointer or indicator above the dial. Thus the pressure is 
registered on the dial according to the amount of straightening of 
the curved tube. 

Expt. 13. Dead weight test of a pressure gauge. 

Object. To calibrate a pressure gauge by comparison with a dead 
weight pressure on the fluid. 

Apparatus. The apparatus (Fig. 15) consists of a cast steel 
cylinder A, fitted to a stand and bored to receive a hardened steel 
cylinder B. The hole in the cylinder B is carefully ground and lapped 
to fit a plunger C, the area of cross-section of which is J sq. in., that 
is, 0-399 in. in diameter. 

This plunger is cut away along the major portion of its length to 
a small bearing area of about in. in width (Fig. 15 (a)), thus 
reducing the bearing friction between the plunger and the cylinder. 
The top of the plunger is turned to a cone, and this cone supports 
carefully turned cast iron weights, of weight respectively Ij, 2J, 
6J, 12J, 25, 3750 lb. with the plunger. The main cylinder A is 
bored and a union fitted at D, which connects to a standard E 
arranged to receive two, or more, pressure gauges. The end of this 
standard E is connected to a small hydraulic pump and intensifier 
in which good quality oil is employed. 
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Method of procedure. The object of this experiment is to 
calibrate a pressure gauge to read pressures up to 400 lb. per square 
inch. The dial of the gauge is first given a coat of flat white paint 
and the circle marked in Indian ink. Next the needle is attached to 
mark zero gauge pressure or atmospheric pressure, and the gauge 
screwed into position in the standard E. Other gauges may be fitted 
to the standard, or alternatively the spare unions may be blanked. 
Place the IJ lb. weight upon the cone of the plunger, use the pump 
to charge the intensifier, and then intensify until the weight is just 
floating freely with the plunger on the oil. The weight should now 
be given a circular or rotary motion to minimise friction between 



the plunger and cylinder. The oil throughout the circuit, that is 
under the plunger and in the gauge, will be subjected to a pressure 
of lb. on I sq. in. area, that is 10 lb. per sq. in., and the face of 
the gauge may be marked in pencil for the needle reading at this 
pressure. Replace the IJ lb. weight by the 21 lb., first relieving the 
pressure, and repeat the experiment, thus giving a gauge pressure 
of 2| x8=20 lb. per sq. in. Repeat with the remaining cast iron 
weights up to 50 lb., which will give a gauge pressure of 50 x 8 =400 
lb. per sq. in., marking the needle reading for each pressure. The 
dial may now be removed and the lines carefully drawn in and the 
printing added, thus calibrating the gauge. This apparatus may be 
used to calibrate a gauge against one which is known to be correct 
by closing the cock F and attaching the two gauges to the standard E. 
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Note. It is important that the oil used should be of a mobile 
character and free from sediment and grit. A good quality sperm 
oil has been found to give the best results, but a light machine oil 
can be used, providing it is filtered before service to the in- 
tensifier. 

Eecording chronometer pressure gauges are used to obtain a record of 
the variation of pressure (or temperature) over a period or shift. 
The gauge is arranged to leave a permanent record by inking, or 
marking, the paper on a revolving drum that turns at a prearranged 
speed, and the markings indicate to the engineer the performance of 
the boiler or machine during his absence. This method is parti¬ 
cularly important in work on high explosives, where access to the 
operation may be accompanied by risk. 

Laws of chemical combination. The calculations for the minimum 
quantity of air required by a fuel for complete combustion (p. 3) 
are made possible because of the following laws of chemical combina¬ 
tion : 

(1) when elements combine to form a new substance they do so in 

definite proportions ; 

(2) the sum of the weights of the separate elements is equal to the total 

weight of the new substance formed. 

Law (2) is another interpretation of the law of the conservation 
of matter, which states that matter can neither be created nor 
destroyed. 

Every element is considered to be composed of minute chemically 
indivisible particles called atoms. Atoms of the same or different 
elements are associated in pairs or larger groups to form stable 
units called molecules. The atoms of an element are characteristic 
of that element alone ; they differ firom element to element. The 
chemist regards a molecule as the smallest part of a substance that 
can exist by itself, and the molecule may contain atoms of different 
elements. Hydrogen is the lightest known substance, and by 
taking the weight of an atom of hydrogen as unity it has been 
possible to obtain the relative atomic and molecular weights of 
other substances. The actual weights would, of course, be very 
minute. 
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The atomic weight of an element is the number of times an atom 
of that element is heavier than an atom of hydrogen. 

The molecular weight of a substance is the number of times a 
molecule of the substance is heavier than an atom of hydrogen. 

Elements and compounds are represented by symbols, and usually 
the symbol for an atom consists of its initial letter. A suffix is 
added to denote the number of atoms of any given element, while 
a coefficient is used to indicate the number of molecules. For 
example, SHgO denotes 3 molecules of water (HgO), each consisting 
of 2 atoms of hydrogen (H 2 ) and one of oxygen (O). HgO is the 
chemical formula indicating the composition of water. 

The following table contains the chief elements and compounds 
concerned in combustion and information concerning them for 
combustion calculations. 


Element * or 

Sym¬ 


Mole¬ 

Calorific value f 

)er lb. 

compound 

bol 

weight 

cular 

weight 

Gross 

B.Th.U. 

Net 

B.Th.U. 

Gross 

C.H.U. 

♦Hydrogen - 


1 

2 

61,750 

57,790 

34,300 

♦Oxygen 

0 , 

16 

32 

— 

— 

— 

♦Nitrogen 

N, 

14 

28 

— 

— 

— 

♦Carbon (to carbon 



[ 

4,410 

4,410 

2,450 

monoxide) 


1 0 





(to carbon 

L- 


~ 




dioxide) 



1 

14,650 

14,650 

8,14*0 

♦Sulphur 

S 

32 

— 

3,960 

3,960 

2,200 

Carbon monoxide 

C^O 

— 

28 

10,240 

10,240 

5,690 

Marsh gas or 







methane - 

CH 4 

— 

16 

23,830 

21,450 

1^,240 

Ethylene 

C,H 4 

— 

28 

— 

- 

— 

Acetylene - 

C 2 H 2 

— 

26 

21,460 

20,700 

11,920 

Sulphur dioxide - 

so, 

— 

64 

— 

— 

— 

Carbon dioxide - 

C 02 

— 

44 

— 

— 

—• 

Water or steam - 

H 20 

- 

18 

— 

— 

— 


Equations are also employed to represent the chemical laws 
quoted above, as they show in a concise form the complete nature 
of a particular form of chemical action or reaction. 
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Equations of Combustion. 

The equation representing the combustion of hydrogen is as 
follows: 

2 molecules of hydrogen added to one of oxygen produces 2 mole¬ 
cules of water : 

2H2 +02 = 2H2O. 

Therefore 2x2 + 32 = 36, 

where 2 and 32 are the molecular weights of hydrogen and oxygen. 
See Table, p. 36. 

Dividing through by 4, 

1 lb. of hydrogen needs 8 ib. of oxygen to produce 9 lb. of 
steam or water. 

For the complete combustion of carbon to carbon dioxide (COg), 

C + O 2 = CO 2 

12 + 32 = 44 where 12 = atomic weight 

of carbon. 

Dividing by 12, 

1 lb. of carbon needs 2§ lb. of oxygen to produce 3| lb. of 
carbon dioxide. 

If the combustion is incomplete, due to an insufficient supply of 
oxygen, the equation is 

2C +02 = 2C0 

2 X12 + 32 = 56 

Dividing by 24, 

1 lb. of carbon needs IJ lb. of oxygen to produce 2J lb. of 
carbon monoxide. 

There is, of course, considerable waste of heat if carbon monoxide 
is allowed to escape unburnt. 

The equation for the combustion of sulphur (S) is : 

S + O 2 = SO 2 

32 + 32 = 64 

Dividing by 32, 

1 lb. of sulphur needs 1 lb. of oxygen to produce 2 lb. of 
sulphur dioxide. 
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The power which atoms possess of combining with a definite 
number of other atoms to form a new substance is called valency. 
Numerically, the valency of an element can be expressed by the 
number of hydrogen atoms which it can combine with or replace. 
Thus oxygen is said to have a valency of two, because it always 
combines with two atoms of hydrogen to form water, and carbon 
has a valency of four, because it replaces four atoms of hydrogen. 
For example, if the carbon atom in c^bon dioxide (COg) were 
replaced by four hydrogen atoms, water ( 2 H 2 O) would be formed. 

Example. The chemical composition of a sample of coke is 86*8% (7, 
0*6% Ht 1-2% Ny 1-9% Sy 0-6% O and 9-9% ash. Calculate the minimum 
quantity of air required per lb, of coke. If 50% of excess air is suppliedy 
find, assuming complete combustion, the weights of the respective flue gases 
per lb, of coke. 

In 1 lb. of coke there will be 0-858 lb. of C, 0-006 lb. of H, 0-012 lb. of 
N, 0-019 lb. of S, 0-006 lb. of 0*and 0-099 lb. ash. 

0-858 lb. of C needs 0-858 x 2 | lb. of oxygen = 2-288 lb. 

0-006 lb. of H needs 0-006 x 8 lb. of oxygen = 0-048 lb. 

0*019 lb. Oi S needs 0-019 X 1 lb. of oxygen = 0*019 lb. 

Total = 2-355 lb. 

Amount of oxygen in fuel = 0-006 lb. 

Oxygen needed -= 2-349 lb. 

This wt. of oxygen is contained in 2-349 x V 3 ® lb. of air = 10-21 lb. of air. 

If 50% excess air is supplied, 1 ;^ x 10-21 = 15-31 lb. is needed. 

This will contain 0-77 x 15-31 = 11-79 lb. of nitrogen* 

and 0-23 x 15-31 = 3-52 lb. of oxygen. 

Products of combustion from 1 lb. of coke : 

Wt. of carbon dioxide = 0-858 of C + 2-288 of O = 3-146 lb. 

Wt. of steam (HgO) = 0-006 of H + 0-048 of O = 0-054 lb. 

Wt. of sulphur dioxide = 0-019 of S + 0-019 of O = 0-038 lb. 

Wt. of nitrogen = 0-012 in fuel +11-79 in air = 11-802 lb. 

Wt. of oxygen = 3-52 supplied ~ 2-349 used = 1-171 lb. 

Wt. of ash = 0-099 lb. 

Total = 16-310 lb. 

Calorific value and its measurement. The calorific value (C.V.) 
is the definite amount of heat generated or given out when unit 
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quantity of a fuel is completely burnt. The heat units usually em¬ 
ployed are the B.Th.U., C.H.U., and the gram calorie. Also the units, 
of quantity are generally the lb. for solid fuels, either the lb., litre 
or gallon for liquid fuels, and either the cubic ft. or lb. for gaseous 
fuels. With gases, if the unit of quantity is the cubic foot, it ia 
most important to specify the temperature and pressure of the gas. 
The pressure generally stated is that of 30 in. of mercury, and the 
temperature sometimes C. and sometimes 60° F. (15f° C.). 

# 

Examples. The calorific value of coal gas is 500 B.Th U. per cu. ft. at 
60® F. and 30 in. of mercury. 

The (W. of hydrogen is 34,300 C.H.U. per lb. 

Charcoal has a C.V. of 13,000 B.Th U. per lb. 

At N T P. (normal temperature 0° C. and pressure 14-7 lb. per sq. in., 
or 30 jn of mercury) the C.V. of water gas is 308 B Th.U. per cu. ft. 

The temperature to which the calorific value or heat evolved can 
raise the products of combustion with the minimum amount of air 
(i.e. without excess air) is also important from a practical point of 
view. This temperature is called the calorific intensity. If impurities 
are present, both the calorific value and the calorific intensity are 
affected. 

Determination of calorific value from the chemical composition. 

The calorific value may be determined approximately if the chemical 
composition of the fuel is known. This is done by multiplying the 
weight of each constituent or element in 1 lb. of fuel by its calorific 
value and adding the results. 

It is generally assumed that if hydrogen and oxygen are both 
present in a fuel the oxygen has already combined chemically with 
one-eighth of its weight of hydrogen to form water. This fraction 
must be deducted from the hydrogen content in making the 
calculation. Suppose C, H and S represent respectively the weights 
of the combustibles carbon, hydrogen and sulphur and O the weight 
of oxygen per lb. of fuel. From table, p. 36, 

1 lb. of C produces 14,650 B.Th.U., 

1 lb. of H produces 61,750 B.Th.U. (gross), 
i lb. of S produces 3,960 B.Th.U. 


D 


B.B.E.S.1I 
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Hence, 

Total or gross C.V. = 14,660C + 61,75 o(h-^)+ 3,960S in 
B.Th.U. per lb., ^ 

+ 2,200S in C.H.U. per lb. 

Example 1. Determine the calorific value of 1 lb. of coal containing 
77% carbon, 5% hydrogen, 7% oxygen, 1*5% nitrogen, 1*6% sulphur and 
8% ash. 

Gross value = l4,660C + 61,760 (h - ^) + 3,9608 

= 14,650 X 0-77 + 61,750 (o 06 - + 3960 x 0 015. 

■= 11280-6 +2647 +59-4 

= 13,887 B.Th.ir. or | x 13,887 = 7715 C.H.U. per lb. 

Example 2. Cellulose, which is the chief constituent, or forms the bulk 
of, plant structure, has a chemical composition of 44% C, 6-2% of H and 
49*4% of 0. Calculate its approximate calorific value. 

Gross C.V. = 14,650 x 0-44 4- 61,750 (o 062 - 
= 6446 + 15 

= 6461B.Th.U.perlb. 

Gross and net calorific value. It must be remembered that the 
useful heat which can be obtained from a fuel is less than its calorific 
value. In practice, combustion is imperfect, and heat is carried 
away and lost in the flue gases, clinkers and ash. It is true that 
some of the heat energy in the flue gases is usefully employed, with 
the aid of a chimney, in creating the draught of air necessary for 
efficient combustion. Furthermore, when fuel containing hydrogen 
is burnt, steam is produced, and the latent and sensible heat con¬ 
tained in this steam is usually lost up the chimney. This is because 
the temperature of the surrounding hot products of combustion is 
too high to allow of condensation of the steam. When this latent 
heat and the sensible heat above ordinary room temperature (say 
about 15° C. or 60° F.) is deducted from the total heat produced, 
that is, the gross or higher calorific value as it is called a quantity 


or 8,1400 + 34,300 
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known as the net or lower calorific value is obtained. Hence the net 
calorific value is the maximum value usually obtainable under 
working conditions. 

Then 

net C.V. = gross C.V. - wt. of steam x - W]. 

La = latent heat of steam at a pressure of 14*7 lb. per sq. in. 
^100 ~ sensible heat contained in water at 100® C. above 
datum 0® C. 

= sensible hdat contained in water at 15® C. above 
datum 0® C. 

Corresponding temperatures on the Fahrenheit scale are 212® F. and 
60° F. ' 

Efficiency of combustion. This may be defined as the ratio 

heat usefully employed heat output 
heat supplied or evolved heat input * - 

Thus the efficiency of combustion can be reckoned in a similar 
way to that of any other operation. The same ratio may be regarded 
as giving the thermal efficiency of a boiler or engine. 


Example. The chemical composition of an average sample of lignite is 
07% C, 5-1% ff, 19-5% O, 11% N, 1% S, and 6-3% ash. Calculate 
its gross and net calorific values in B.Th.U. and also in C.U.U. per 1b. 


Cross C.V. = 14,650 x 0-67 + 61,750 
= 9815-5 +1644-1 


^0-051 


0-l95\ 

8 ) 


+ 3960 X 0-01. 
39-6 


= 11,499 B.Th.U. or 6388 C.H.U. per lb. 

Wt. of steam formed per lb. of fuel = 0-051 x 9 = 0*459 lb. 

Heat in steam per lb. of coal = Wt. of steam x + (A,!, - A*®)] 

B.Th.U. 

= 0-459 X [970-7 + (212 - 60)] B.Th.U. 

= 0-469 x 1122-7 = 615-2 B.ThtU. 

.*. Net calorific value = 11,499 - 516-2 = 10,984 B.Th.U. per lb. 

= 6,102 C.H.U. per lb. 

The above method gives approximate results, but the most satis¬ 
factory means of obtaining the calorific value of a fuel is by actual 
experiment. See Expt. 14. 
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The apparatus used to find the heat energy released by the 
combustion of fuel is called a fuel calorimeter, because it measures 
the calorific value of the fuel. 

Calorific value of solid and liquid fuels. 

Expt. 14, Object. To find the calorific value of a sample of coal. 

--HI Apparatus. The calorimeter shown in 

JL Fig. 16, and developed and patented by 

J|L Prof. 8choles, is made mainly of acid- 

Mn resisting stainless steel, which is able to 

withstand heat, pressure and corrosion. 
^1^ I It can be assembled and rendered gas- 

f|i tight without a spanner in a few seconds, 

.L by merely screwing the cover into the 

^ base. The design is simple, and the body 

W of the bomb and the cover which holds 
the crucible and forms the base are both 
machined from the solid. The head of 
the body of the bomb carries the non¬ 
return inlet oxygen valve on its main 
axis and the outlet screw-down valve, 

a for the discharge of the gaseous products 
of combustion, to one side. A gas-tight 
joint is made by means of a rubber ring 
which fits into a slight recess in the base, 
and this rubber ring is protected by being 
partly covered by the inner face of the^ 
^ body of the bomb. The joint is made 
good by the high pressure of the oxygen 
^ calorimeter forcing the rubber 

Ip I j ^ y j against the metal seats. A cradle, carried 

t. —--J ignition rod on the right, supports 

through crucible, which in turn holds the 

^ , sample of fuel. The ignition wire, made 

\JS>lCS8T8. Cr. C ll880nSj lAd.) X* 1 J.* *1 * i\ iu\A ' 

'of platinum or nichrome wire of 0-004 m. 
diameter, dips into the crucible between the two ignition rods. One 
of the latter is screwed into the base, while the other passes through 
but is insulated from it and is 8upi)lied with a spring foot to form 
a good contact. The crucible may be made of silica ware, fire clay, 
platinum or porcelain. 

Method of procedure. The crucible is weighed and about a 
gram of finely powdered and dried coal (or about | gm. of oil fuel) 
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placed in it, and it is again weighed. The difference will give the 
weight of the fuel. Then the crucible is placed in its‘cradle and the 
ignition wire adjusted to give good contact. With light oils and 
petrol the crucible is usually supported by a heavier metal crucible 
to prevent it being upset by the rapidity of the combustion, and the 
difference of pressure set up. 15 cubic centimetres of water are 
j>laced in the base of the bomb to absorb any nitric or sulphuric 
acid which may be formed, and then the calorimeter is assembled. 
Connection is then made to an oxygen cylinder and the bomb charged 
to a pressure of about 25 atmospheres (367*5 lb. per sq. in.). The 
bomb is submerged in a known weight of water (about I gallon) con¬ 
tained in a large copper calorimeter, which is itself placed within and 
insulated from a second larger c alorimeter to lessen losses by radia¬ 
tion of heat. Papier mache covers are also employed for the same 
j)urposc. The standard research outfit is also provided with a third 
outside covering and an automatic stirring gear. The water should 
b(‘ to a degree or two below room temperature, and the final tempera¬ 
ture after combustion the same amount above. This also tends to 
])roduee a more accurate result, as the average temperature con¬ 
ditions for the experiment are the same as for the room. The fuel 
can now be ignited by closing the circuit and fusing the wire, and 
the water is gently stirred to facilitate uniform heat absorption. 
l"he maximum temperature reached is carefully noted. 

Since the apparatus, as well as the w^ater, will be raised in tempera¬ 
ture by the combustion of the fuel, it is necessary to find its water 
value or water equivalent. This is the amount of water which Avould 
require the same amount of heat as the apparatus to raise its tem¬ 
perature 1 To find the water value of the bomb, copper calorimeter, 
thermometer and stirring rod, place a known weight of hot water 
at temperature in the copper calorimeter which is contained in its 
outer (‘overing. About I gallon of w^ater is necessary to submerge the 
bomb. The final temperature of the water after a uniform 
temperature has been reached must be carefully noted. Then, 
assuming that no heat energy has been lost, the heat lost by the 
w ater is equal to the heat gained by the calorimeter, etc. Suppose 
the temperature of the rooni and apparatus is at first. 

Mass X fall in temp, x specific heat = water equivalent 

X rise of temperature. 

X (/j - < 2 ) = water value x (/q - ^ 3 ). 

Water value = — • 

V2 *“ ‘ 3 / 
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Another common method of finding the water value is to measure 
the quantity of heat generated when a certain weight of fuel of 
known calorific value is burnt. By subtracting the heat given to 
the water by the known heat generated by the fuel and dividing by 
the temperature rise, the water equivalent can be found. 

Observations. Fuel tested, South Wales anthracite. 

Wt. of sample + crucible = 3-09 gm. 

Wt. of crucible = 2*12 gm. 

Wt. of fuel by difference == 0*97 gm. 

Temperature of room = 14*1° C. 

Wt. of water =2253 gm. 

Water value of apparatus = 438 gm. 

Equivalent wt. of water =2691 gm. 

Initial temp, of water ♦•= 12*72° C. 

Final temp, of water = 15*65° C. 

Rise of temp. = 2*93° C. 

Heat absorbed by water and apparatus 

= mass X rise in temp, x specific heat 
=2691 x2*93 xl 

= 7885 calories. 

. , -r. 1 calories to water 

Approx, calonnc value =-^—=— 

mass of fuel 

7885 . . 

= —^ = 8128 calories per gram 

= 14,630 B.Th.U. per lb. 

= 8128 C.H.U. per lb. 

The above set of observations and calculations will show how the 
calorific value can be obtained approximately. In more accurate 
work corrections are made for losses by radiation. 

Calorific value of a gaseous fuel. Boys’ calorimeter is shown in Fig, 
17. The volume of gas used is measured by a gas meter, specially 
designed for the purpose and reading to y 2 ^ of a cubic foot. The 
gas then passes through a pressure regulator to the jets or burners 
in the gas calorimeter, in order to ensure an even flow of gas and 
steady combustion. Apparatus must also be provided for supplying 
a constant head and steady flow of cooling water and for measuring 
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its volume. The principle of contra-flow adopted, in which the water 
flows in the opposite direction to the hot products of combustion, 
should be specially noted. The 
pipes through which the cool¬ 
ing water flows are provided 
with fins or gills to supply as 
large a cooling surface as pos¬ 
sible to the hot gases flowing 
on the outside. Before any 
final observations are made the 
apparatus must have been in 
use for upwards of half an hour 
to make sure the conditions 
of the experiment are steady. 

Then the quantity of water W 
lb. fiowing while ^ of a cubic 
foot of gas is burnt, and the 
rise of temperature f F. of the 
water, must be carefully noted. 

The gas and barometric pres¬ 
sures and gas temperature must 
also be obtained, as it is neces¬ 
sary to standardise the pres¬ 
sure and temperature of the 
gas owing to its great expansi¬ 
bility. The volume N cu, ft. 

\\hich this \ cu. ft. would 
occupy at standard pressure 
(30 in. or 760 mm.) of mercury 
and 60° F. is then found by using the characteristic or gas equation, 
namely PV ^BT (see p. 71). Sometimes 32° F. is taken. 

Then, 

iV X calorific value (C.V.) = IF x f, 

W 

or C.V. = B.Th.U. per standard cu. ft. 

This is called the gross calorific value of the gas, because it includes 
the latent heat and sensible heat above 60° F. of the steam produced 
by the combination of hydrogen in the gas. Normally this steam 
escapes into the flues and its heat is lost. As mentioned on p. 40, 
when this heat is deducted from the gross value, the net calorific value 
is obtained. 





Fig#' 17. Boys’ gajs caloruneter. 
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Avogadro’s Law. Eqiuil volumes of gases at the same temperature 
and pressure contain the same number of rmlecules. In other words, 
the molecules of every gas have the same volume at the same 
temperature and pressure. This law is very important, as it allows 
of (a) the density of any gas being determined when that of hydrogen 
is known, (6) the calculation of the volume of air required for com¬ 
bustion per cubic ft. of gaseous fuel. 

The approziinate composition of air by volume is 21% oxygen and 79^^ 
nitrogen. 

A weight of gas in grams equal to its molecular weight is called a mol. 


Example 1. Find the densities of oxygen and nitrogen at normal tem¬ 
perature and pressure (N.T.P.) /.e. at and 1(S cm. of mercury. 
Density of hydrogen is 0*00559 Ib. per cu. ft. at N.T.P. 

Density of any other gas 

molecular wt. of gas ii. 

molecular wt. oi hydrogen 

Density of oxygen = ^ x 0*00559 = 0*08944 lb. per cu. ft. 

Density of nitrogen = ^ 2 ^ x 0*00559 = 0.07826 lb. per cu. ft. 


Example 2. Find the volume of 1 lb. of carbon dioxide at N.T.P. 
Molecular weight of CO 2 = 44. 

Molecular weight of H 2 = 2. 

Density of CO 2 x 0*00559 = 0*12298 lb. per cu. ft. 

Vol. of 1 lb. ■= , - CU. ft. = 8131 cu. ft. at N.T.P. 

U* 1 


Example 3. Determine the quantity of oxygen necessary to burn coin- 
pletely a cubic ft. of acetylene State the volumes of the varioycf 

gaseous products produced by combustion. 

Combustion equation : 2CaH2 + 50 2 = 4 CO 2 + 2HaO. 


/2 molecules \ 

/5 moleculesx 

/ 4 molecules \ 

/2 molecules\ 

( )■ 

h( of )= 

= ( of )- 

vi of ) 

\ acetylene / 

\ oxygen / 

\carbon dioxide/ 

\ steam. / 


Since the molecules of every gas have the same volume at the same 
temperature and pressure, then the volume of the gases will be j>roporp 
tional to the number of molecules. 


2 cu. ft. of 5 cu. ft. of 4 cu. ft. of 2 cu. ft. of 
+ =- + 
acetylene oxygen carbon dioxide steam. 

cu. ft. of oxygen will be required and 2 cu. ft. of carbon dioxide and 1 cu. ft. 
of steam will be produced. 
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l!zample 4. Find the minimum amcmnt of air for the complete com¬ 
bustion of 1 CM. fU of carbon monoxide at N.TF, What is the percefitage 
reduction in volume of the products of combustion with this least amount 
of air? 

Combustion equation, 2CO -r Og = 2 CO 2 . 

2 molecules + 1 molecule = 2 moleculf 

By Avogadro’s Law 

/ 2 cu. ft. of — ( * 2 cu. ft. of \ 

Vcarbon monoxide/ \ oxygen / \carbon dioxide./ 
Dividing by 2, 1 cu. ft. +1 cu. ft. = 1 cu. ft. 


1 cu. ft. of carbon monoxide requires J cu. ft. of oxygen, both 
gases being at the same temperature and pressure. 

At N.T.P., J cu. ft. of oxygen is contained in = 2*381 cu. ft. of 

air at N.T.P. 

1 cu. ft. of CO + 2*381 cu. ft. of air becomes after combustion 1 cn. ft. 

of COf + 1*881 cu. ft. of nitrogen. 

That is, 3*381 cu. ft. becomes 2*881 cu. ft. after combustion. 


Reduction in 3*381 cu. ft. is 0*5 cu. ft. or 


X 100% = 14*8%. 


Example 5. The temperature of a gas-fired furnace used for melting 
aluminium is 800*^ (7., and 2*8 cubic ft, of gas are being burnt per lb, of 
aluminium melted. Calculate the efficiency of the furnace at 800 C, 
Take the melting point of aluminium as 657° C., the specific heat over the 
range 0° to 657° V, as 0*24, and the latent heat of fusion as 93. C.T. of 
gas 500 B,Th,U, per cu, ft, as burnt. 

Heat necessary to melt 1 lb. of aluminium above 0° C. datum in 
C.H.U. = 1 X 657 X 0*24 (sensible heat) + 93 (latent heat) 

= 157*7+ 93 = 250*7 C.H.U. 

Heat supplied = 2*8 x 500 B.Th.U. = 1400 B.Th.U. = 778 C.H.U. 

Efficiency x 100 = ^^ x 100 = 32-20/,. 

mput 778 

Conversion of energy. The conversion of mechanical energy into 
heat energy and the reverse process are particular cases which 
illustrate the principle of Conservation of Energy which states that 
energy can neither be created nor destroyed. From the earliest times 
fires have been kindled by the rapid transference of mechanical into 
heat energy, but Dr. Joule of Manchester was the first to show that the 
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same quantity of mechanioal work is always necessary to produce 
the unit of heat energy. The apparatus he used is shown in Fig. 18. 
The energy of the falling weights rotated the axle / and a system of 
paddles in the calorimeter AB. This calorimeter contained fixed 
vanes, and was filled with a known mass of water. The action of 
the moving and fixed vanes on the water and the churning action 



Fig. 18. Joule’s apparatus. 

set up converted the kinetic energy of the axle into heat energy. 
The rise of temperature of the water was recorded. Refinements in 
the apparatus were made to ensure accuracy as far as was possible. 
Thus the converted kinetic energy of the falling weights was equated 
to the heat received by the water. Joule’s equivalent was given as 
772 ft. lb. per B.Th.U. More accurate methods have since been 
devised for obtaining the value of Joule’s equivalent, and now 778 
is the figure generally adopted in Great Britain. Note that 
778 X f -1400 ft. lb. = 1 C.H.U. 


Exft. 15. Modified form of Callendar’s apparatus. 

Object. To obtain a value for the mechanical equivalent of heat. 
Apparatus. This apparatus (Fig. 19) is a modified form of 
Callendar’s apparatus, and consists of a brass drum, to contain a 
definite quantity of water, mounted on a ball-bearing spindle and 
rotated by means of a hand wheel. The drum is fitted with a ribbon 
type of brake, the ends of which can be loaded after the manner of 
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the rope dynamometer (Chap. IV, p. 202) to produce the braking 
torque on the drum. The handwheel can be rotated at such a 
speed that the brake load is kept floating and a steady reading is 
given to the spring balance. A cyclometer type of revolution 
counter is fitted to the frame, and temperature rises are taken from 
the reading of a bent thermometer. 



Fig. 19. Callendar’s apparatus. (Messrs, P. Harris db Co,, Ltd.) 

Method of procedure. Take the following measurements, 
which provide the constant quantities in the experiment, (a) Dia¬ 
meter of the drum, (h) weight of the drum, (c) water equivalent of 
the drum, using a specific heat value of 0-092 for brass. Fill the 
drum with cold water and determine the weight of water, replace 
the drum and note the temperature of the water. Add weights to 
the brake until a normal rotation of the handle and wheel will 
maintain a steady reading of the spring balance, and note the 
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initial counter reading. Turn the wheel steadily for about 400 
•revolutions, and note the rise of temperature produced in the drum 
the absorption of the mechanical energy at the brake and its 
conversion to heat energy in the drum. The mechanical equivalent 
of heat may then be calculated by equating the work done at the 
lirake to the heat given to the water and drum. 

Observations. 

Diameter of drum =3 in. =0*25 ft. 

Weight of drum —0*51 lb. 

Specific heat of brass =^0*092. 

Water equivalent of drum =0*0469 lb. 

Weight of water =0*133 lb. 

W - weight of water + water equivalent = 0*1 33 + 0*0469 

= 0*1799 lb. 

i =load on hanger =2*0 lb. 

^5 = spring balance reading = 0*2 lb. 

Initial reading of counter = 0142. 

Final reading of counter =0510. 

Number of revolutions =3()8 revs. 

<= initial temperature of water = 19° C. 

T = final temperature of water = 21*05° C. 

Derived results. 

Effective force on brake = X - /S = 2 - 0*2 = 1*8 lb. 

Torque on brake = 1*8 x J x 0*25 lb. ft. 

= 0*225‘*lb. ft. 

Work done on brake = torque x radians, 
or = force x circumference x no. of revs. 

= 1*8x77x0*25x368 
= 519-98 ft. lb. 

Heat given to water and drum 

= (weight of water + water equiv.) x temp, rise 
= If X (T -0 = 0*1799 X (21*05 -19) 

= 0*1799 X 2*05 
= 0-3688 C.H.U. 

Then to find the mechanical equivalent of heat: 

0*3688 C.H.U. =519*98 ft. lb. 



ENERGY AND ITS CONVERSION 


51 


1 C.H.U. = 


519*98 

0*3688 


ft. lb. 


= 1409 ft. lb. 


Mechanical equivalent of heat = 1409 ft. lb. per C.H.U. 

Note. — The correct value of this equivalent is 1400 ft. lb. per C.H.U., 
and it will be noticed that the value obtained experimentally is above 
this value. If all the mechanical energy given to the brake were con¬ 
verted into heat and given to the water and calorimeter, a slightly larger 
rise in temperature would be e^^ident with a lower value for the equii^^ 
valent. Actually some heat is lost in the conversion with a resultant 
increase in the experimental value of the equivalent. 


Summary of energy units. 

The unit of work or energy is the work necessary in overcoming a 
resistance of 1 lb, wt. through a distance of 1 ft, measured in the 
direction in which the resistance is overcome. 

Power is the rate of doing work. 1 horse power is equivalent to 
33,000 ft. lb. per minute or 746 watts or 0*746 kilowatt (p. 289). 

The horse-power hour is a large unit of energy, and is the amount 
of work done when one horse power is m^tained continuously for 
1 hour or 33,000 x 60 = 1,980,000 ft. lb. = 1414 C.H.U. = 2545 B.f h.U. 

The Kilowatt-Hour (kWh) or Board of Trade Unit (B.T.U. or B.o.T. 
unit) is equivalent to 1*3401 horse-power hours and is a power of 
1 kilowatt maintained continuously for 1 hour. 

1 kWh. = 1896 C.H.U. =3412 B.Th.U. 


Example 1. A man while rowing is working at the rate of 4000//. Ih. 
per mijiute. What weight of carbon does this expenditure of energy 
represent when taken over an 8 hour day? C.V. of carbon 14,650 B.Th.l \ 
per Ih, Convert this output of power to horse power and kW. 

Work done in 8 hours = 4000 x 60 x 8 ft. lb. = 1,920,000 ft. lb. 


1 Q20 000 

Equivalent heat energy = — = 2467 B.Th.U. 

11 O 

2467 

Least wt. of carbon necessary to produce this energy = 

= 016816. 


4000 

33,000 


= 0*121 


= 0*121 X 0*746 =0*09. 


Horse power developed 
Output in kilowatts 
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Example 2. Heavy tar oil or creosote has a calorific value of 8,900 
kilogram calories per kilogram and Us specific gravUy is 1*084. Find the 
hecU and mechanical energy stored in 1 gallon of oil, 1 kilogram = 2*2 lb. 
nearly, 1 gallon of water weighs 10 lb. 

1 gallon of tar oil weighs 1*084 x 10 or 10*84 lb. 

8,900 kilogram calories per kilogram is equivalent to 8,900 C.H.U. 
per lb. 

/. heat energy available = 10*84 x 8,900 C.H.U. = 96,476 C.H.U. 

Mechanical energy available = 96,476 x 1,400 = 135,066,400 ft. lb. 

Example 3. If the calorific vahie of petrol is 20,000 B.Th.U. per lb. 
and its specific gravity is 0*725, the energy stored in ft. lb., horse-power 
hours and kWh. per gallon of petrol. 


1 gallon of petrol weighs 7*25 lb. 

7*25 lb. of petrol could produce 7*25 x 20,000 or 145,000 B.Th.U. 

= 145,000 X 778 or 112,810,000 ft. lb. 

112,810,000 TTT. V 

=-58*31 H.P. hours. 

33,000 X 60 

= 58*31 X 0*746 = 43*5 kWh. 


Example 4. What is the thermal ejficiency of a car engine mairUaining 
an output of 8 horse power and consuming 5 pints of petrol (as in E.vample 
3 ) per hour? 

Output = 8 X 33000 ft. lb. per min. = 264,000 ft, lb. per min. 

^ ^ 5 112,810,000 _ „ 1 lu 

Input = Q X- ^ -ft* lb. per min. = 1,175,104 ft. lb. per min. 

o uO 


Efficiency=^ 

input 


xl00 = 


264,000 

1,175,104 


X 100 = 22*47%. 


Characteristics of common fuels. 

Solid fuels have the advantage that they do not need special containers. 
The principal solid fuels are : 

Anthracite. This contains 90% carbon and only a small percentage 
of volatile matter. The fuel is therefore comparatively smokeless and 
there is little flame. It is very ^valuable for^steam-raising and general 
power purposes, but requires a strong draught and a thin fire. It has 
a high calorific value. 

Bituminous coal. This coal has a high volatile content. There are 
many varieties. The carbon percentage varies from 15 4o 90. It is 
very resistant to weathering and bums with a yellow smoky flame. 
The non-caking varieties are used for steam-raising, while the caking 
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varieties are used in the manufacture of coke. The well-known Welsh 
steam coals are really intermediate between anthracite and bituminous 
coal. 

Caimel coal A high percentage of oil and gas can be obtained from 
this type of coal, but it often has a high ash content. 

Lignite is intermediate between bituminous coal and peat. It con¬ 
tains when dry 60 to 75% of carbon, but easily crumbles on drying and 
does not store well. However, thick seams occur near the surface, 
which means that it is easily and cheaply worked. 

Peat is a spongy humified substance found in boggy land. It has a 
large water content, and about 5 tons of air-dried peat are equivalent to 
3 tons of domestic coal for heating purposes. It has a characteristic 
odour when burning, which it does readily with a smoky flame. It ca^' 
be used for boiler firing if briquetted or pulverised. 

Coke is produced if coal is heated in the absence of air. Gas and tar 
vapours are also given off and form useful by-products. Coke is the 
residue which remains in the furnace. Caking coal gives the best coke. 
Coke is used in the blast furnace for the reduction of iron ore. 

Charcoal is produced if wood is heat-treated in the absence of air. 

Briquettes are prepared from dust or “ fines ” by moulding imder 
pressure either with or without a binding material. The latter may be 
pitch, coal tar, crude oil, clay, etc. Germany occupies a premier place 
in the manufacture of briquettes from lignite. Pitch briquettes have a 
higher calorific value than coal. 

All the above fuels can bo used in pulverised form. 

The advantages of liquid fuels are : 

(1) The quality is usually more uniform, with the exception of per¬ 
haps pulverised fuelsi 

(2) Not so liable to spontaneous combustion as coal. 

(3) For the same calorific value it is much lighter than coal—occupies 
only about half the volume, and may be stored in double bottoms of 
ships and leave bunker space for cargo. 

(4) No labour is required in handling or trimming the fuel in the 
fymace, the furnace temperature being more constant. 

(5) No labour is required to remove the ash or clinker. 

Natural petroleum supplies almost all the liquid fuels used. Crude 
petroleums are heated in the absence of air, and subjected to fractional 
distillation; various liquid products are vaporised and driven off at 
different temperatures. The more volatile substances first driven off are 
used as motor spirit. Other fractions are paraffin, fuel oil, lubricating 
oil, and a heavy viscous residue is left in the still after distillation. 

Artificial liquid fiiels are also being manufactured from coal, tar, etc., on 
an incieasing scale. 

Gaseous fuels and their advantages : 

(1) No smoke or ash produced. 

(2) The high thermal efficiency can be fully utilised. 
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(3) The fuel can be easily distributed. 

(4) Flame is easy to control, varying temperatures can be obtained, 
and also either oxidising or reducing flames can be produced. 

Natural gas usually occurs in conjunction with petroleum and consists 
cliic'fly of methane and other light hydrocarbons. An impervious 
covei'ing of rock usually prevents its escape until freed by di’illing. 

Coal gas is obtained by the heating of coal in the absence of air and 
consists mainly of hydrogen, carbon monoxide, and various hydro¬ 
carbons. It is stored in large gasometers after being cleared of tarry 
matter, and is used widely in gas-fired boilers and for commercial 
pur])oses. 

Other gaseous fuels include : 

(1) Water gas, obtained by passing steam and air alternately through 
carbonaceous matter kept at red heat. Its chief constituents are 
hydrogen, carbon monoxide and various hydrocarbons such as methane. 

Carefully proportioned quantities of air and steam passed together 
through carbonaceous matter at red heat yields a similar gas called 
producer or suction gas ; this gas is very suitable as a fuel for gas engines. 

(2) Blast furnace gas, a by-product of the blast furnace, is composed 
mainly of carbon monoxide, nitrogen and carbon dioxide. 

(3) Coke oven gas, a by-product in the production of coke, consists 
chiefly of hydrogen and hydrocarbons. 

Advantages of Pulverised fuel. 

(1) More efficient and rapid combustion, and therefore a high tempera¬ 
ture of combustion. 

(2) Combustion is more complete, there being no carbon loss in ash. 

(3) Any class of coal can be used. 

(4) Greater control in operation, since fuel can be cut off automati¬ 
cally or supply adjusted to the load. 

(5) There is no wastage due to the production of smoke. 

(6) Reduced cost in firing boiler. 


EXERCISES ON CHAPTER I 


Thermometry. 

1. Convert the following temperatures to the Fahrenheit scale : 
(a) 15° C., (6) 75° C., (c) 4° C. ynaat Centigrade temperature corre¬ 
sponds to the following Fahrenheit temperatures : (d) 170° F., 400° F. ? 

2. Convert - 273° C. to Fahrenheit and - 460° F. to Centigrade. 

3. The melting points of ether and sulphuric acid are respectively 
- 47° F., - 13° F., while the boiling points of alcohol and petroleum 
are respectively 173° F. and 150° F. Convert these temperatures to 
Centigrade. 
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4. The temperatures of melting of mercury, lead, brass, gun-metal, 
nickel, gold and tungsten are respectively - 39° C., 326° C., 900° C. 
1000° C., 1550° C., 1063° C. and 3382° C. Convert these temperatures 
to Fahrenheit readings. 

5. If the upper and lower fixed points on the Reaumur (German) 
temperature scale are respectively 80 and 0, find what the temperatures 
25° C., 50° C. and 120° F. would be on a Reaumur scale. 

6. At what temperature do the Centigrade and Fahrenheit scales 
record the same reading? 

7. Describe the construction of a mercury-in-glass thermometer. 
How are the fixed points determined and how is the thermometer 
graduated ? 

Effects of heat. 

8. State the possible effects of applying heat to a substance. What 
is the effect of heating two strips of different metals which have been 
riveted together? 

9. Describe how the engineer makes provision for the expansion of 
the material he uses. Give instances where the force exerted by a metal 
as it contracts may be utilised. 

10. Define the three coefficients of expansion and state the approxi¬ 
mate relation between them. 

11. Describe an experiment for determining the coefficient of linear 
expansion of a metal tube or rod. 

12. Throe dimensions on an aluminium bronze casting are 8 in., 
1 ft. 3 in. and 1 ft. 6 in. What should be the dimensions on the pattern ? 
Allow J in. per foot for shrinkage? 

13. The diagonal stay of a ):)oiler is 8 ft. long at 60° F. Find its 

length at 500° F. Coefficient of linear expansion = 0-0000062 per Fahr. 
degree. < 

14. An endless wire used on an aerial wire ropeway is 4000 ft. long 
at 32° F. What is th(^ increase in its length if the temperature rises to 
72'’ F. ? Coefficient of linear expansion = 0*000012 per Cen. degree. 

15. A crank is bored to a diameter of 5-975 in., and it is to be shrunk 
on to a shaft 6 in. in diameter, both measurements being made at the 
same temperature. Find the minimum rise of temperature necessary. 
Coefficient of linear expansion = 0-000011 per Cen. degree. 

16. The density of copper at 0° C. is 554-5 lb. per cu. ft. What will 
the density be at 100° C.? Coefficient of linear expansion of copper = 
0-00001678 per Cen. degree. 

17. Glycerine weighs 1260 grams per litre at 0° C. Estimate the 
weight of a gallon of glycerine at 0° C. and at 100° C. Coefficient of 
cubical expansion of glycerine = 0-00053 per Cen. degree ; 1 lb. = 453-6 
grams and 1 gallon = 4*536 litres. 
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Heat quantities, specific and latent heat. 

18. Define the Centigrade heat unit, the British thermal unit, the 
gram calorie and the therm. 

19. Define the term “ specific heat What information is necessary 
before the quantity of heat possessed by a body can bo measured ? 

20. If 50 lb. of glycerine at 10° C. is mixed with 40 lb. of pure water 
at 60° C., what is the resulting temperature of the mixture if no heat 
is lost. Specific heat of glycerine = 0*58. 

21. A roll of aluminium foil weighing 50 grams is placed in the flue 
gases before they enter the economiser attached to a Lancashire boiler. 
The foil afterwards raises the temperature of 400 grams of water, 
originally at 10° C., through 10 Con. degrees. Estimate the temperature 
of the flue gases. Specific heat of aluminium over the range of tempera¬ 
ture =0*24. 

22. The heat generated by the combustion of 1 gram of fuel oil is 
absorbed by 2800 grams of water originally at 15° C. If the temperature 
of the water is raised to 18-9° C. estimate the heat evolved by 1 lb. of 
the fuel oil when it is burnt. 

23. Distinguish between (a) sensible heat, (6) latent heat of fusion 
and (c) latent heat of vaporisation. 

If the specific heat of steam is 0*5, find the amoimt of heat requirt'd 
to raise 50 lb. of steam through 130° C. 

24. 45 lb. of water per minute pass through the cooling jacket of a 
100 H.P. Diesel engine and then to an exhaust he‘ater. In the latter 
the water is raised from 134° F. to 180° F., while the temperature of 
23 lb. of exhaust gas per minute drops from 770° F. to 320° F. Cal¬ 
culate the efficiency of the heat transfer in the exhaust heater, taking 
the mean specific lieat of the exhaiLst gases as 0*25. 

25. How much sea water (specific heat 0*94) at 10° C. would be 
necessary to condense 1 lb. of steam at atmospheric pressure^ (latent 
heat of vaporisation 539-9 C.H.U. per lb.) if the final temperature of the 
sea water and condensed steam is 20° C. ? 

26. Find the heat necessary to melt 1 lb. of lead originally at 15° C. 
Melting point of lead, 327° C. Specific heat, 0-0314. Latent heat, 5-4. 
If in a furnace 0-28 cu. ft. of gas is used per lb. of lead melted, calculate 
the efficiency of the furnace. Calorific value of gas = 280 C.H.U. per 
cubic foot as used. 

27. What is meant by the terms “ water equivalent ” and “ water 
value ” of a body or of apparatus? 

A feed water heater for a boiler weighs 160 lb. and the specific heat of 
steel is 0-118. Calculate its water value. If the heater contains 200 lb. 
of water, what is the water value of the whole system? 

28. In hardening a sample of steel weighing 10 lb. it is heated to 
700° C., and is then plimged into a bath of oil or quenched to reduce its 
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temperature quickly to 250® C. The weight of the oil is 80 lb. and its 
specific heat is 0-47, and the specific heat of the steel is 0*12. Assuming 
the whole of the oil increases uniformly in temperature, find the tem- 
p(‘rature of the oil at which the sample of steel should be removed. 

29. The specific heat of air at constant pressure is 0*238, and 12*35 
cii. ft. of air in a room weighs 1 lb. What quantity of heat is required 
to raise the temperature of the air per Fahr. degree per 1000 cubic feet 
of air? 

Pressure and its measurement. 

30. Explain the meaning of the term “ standard pressure ”. 

If the weight of 1 cu. in. of mercury weighs 0*49 lb., convert a pressure 
of 26 in. of mercury to lb. per sq. in. 

31. Distinguish between absolute pressure and gauge pressure, 

A pressure gauge records a steam pressure of 185 lb. per sq. in. inside 
a boiler. What is the absolute pressure of the steam if the barometer 
reading is 30*5 in. of mercury? Specific gravity of mercury = 13*6. 

32. Describe a method of measuring small gauge pressures. 

A manometer attached to a gas pipe records a pressure of 5 in. of 
water while the barometer reading is 29*6 in. What is the absolute 
pn*ssiir(‘ of the gas? Specific gravity of mercury = 13*6. 

33. Sk(*tch and describe an instrument for measuring pressures less 
than atmospheric. What is the absolute pressure corresponding to a 
vacuum of 29 in. of mercury. Barometer reading 30 in. of mercury. 

34. Sketch and describe a Bourdon pressure gauge. 

35. Describe with sketches a method of testing and calibrating 
pressure gauges, 

36. Describe one instrument for measuring pressures below atmos¬ 
pheric, and also one instrument suitable for measuring high pressures. 

37. Distinguish between gauge and absolute pressure. Express a 
pressure of 250 lb. per square inch gauge as absolute pressure if the 
atmospheric pressure is 14*7 per square inch. 

Combustion and calorific value. 

38. What do you understand by the term fuel, and what are the 
chief constituents of a fuel ? 

39. Distinguish between oxidation and combustion, and explain the 
mt'aning of the terms point of ignition, flash point and spontaneous 
combustion, 

40. Describe how combustion is controlled in either (a) a boiler 
furnace, or (6) an internal combustion engine. Why must excess air 
usually be supplied? 

41. State the laws of chemical combination. The chemical formula 
for methane is CH4. Calculate the minimum quantity of air necessary 
to consume 1 lb. of this gas. 
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42. Calculate the minimum amoimt of air required to bum 1 lb. of 
Welsh steam coal containing 84% carbon, 4*8% hydrogen and 1*4% of 
sulphur. Neglect the oxygen content of the fuel. 

43. Calculate from first principles the amount of air necessary to 
bum completely 1 lb. of carbon to carbon monoxide (CO) and also to 
carbon dioxide (COj). 

^44. State the approximate composition of air (a) by weight, (6) by 
volume. The chemical composition of a sample of peat is 68% C, 
6-3% H, 30*8% O, 0-9% N and 4% ash, and a trace of sulphur. Cal¬ 
culate the minimum quantity of air per lb. of peat required for complete 
^mbustion. 

•^45. A sample of fuel oil as used in a Diesel engine consists of 86 C 
and 14% H. Find the air supply necessary for complete combustion if 
the excess air is 30% of the minimum amount. Also find the weight of 
the exhaust gases per lb. of fuel oil burnt. 

46. A sample of fuel oil contains 84% C, 14% H, 1*5% O and 0*6% N. 
Calculate the minimum air required for complete combustion. If 
50% excess air is supplied, find the weights of flue gases generated per 
lb. of fuel. 

^ 47. The air supply to a petrol engine is 15 lb. of air per lb. of petrol 
and the air temperature is 60° F. Calculate the heat carried away by 
the exhaust gases per lb. of fuel if the mean specific heat of the gases is 
0*2,4, and the temperature of the exhaust is 790° F. 

^^48. Distinguish between the gross and net calorific value of a fuel. 
A sample of boiler coal contains 79%C, 5% H, 7% O, 1J% N, 1 
and ash 6%. Find the minimum air and the approximate net and 
gross calorific values per lb. 

49. The chemical composition of metallurgical coke has the following 
analysis : 88% C, H, 1% N, 0*9% S, 0*9% O and ash. Find * 
the minimum air for complete combustion and the gross calorific value 
per lb. of coke. 

50. A sample of fuel oil for a boiler has the following chemical 
analysis : 87% C, 7% H, 2% O, 4% N. Estimate* the gross and nt»t 
calorific values per lb. 

51. Describe a fuel calorimeter, and show how it can be used to 
calculate the calorific value of a sample of coal. 

52. Calculate the calorific value of a sample of Yorkshire caking coal 
from the data given ; 

Weight of coal =0*006 lb. 

Weight of water in calorimeter = 5 lb. 

Temperature „ „ „ = 56° F. 

Final „ „ „ =69*6° F. 

Water equivalent of apparatus = 0*9 lb. 
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53. Calculate the approximate calorific value of a sample of refined 
Russian petroleum oil. 

Weight of oil =0 0056 lb. 

Weight of water m calorimeter =6 lb. 

Temperature of water m calorimeter = 16° C. 

Final „ „ „ „ „ =26° C. 

Water equivalent of apparatus =0 9 lb. 

54 Calculate the calorific value of a sample of coal m B.Th.U. per 
lb. and in C H U. per lb. from the following experimental results. 

Wt. of coal = 1 03 gram. 

Wt of water =2315 grams. 

Imtial temperature of water m calorpneter= 13 75° C. 

Final temperature of water in calorimeter =16 70° C. 

Water equivalent of appaiatus =425 grams. 

55 What IS Avoqadro'a law"* Fiml the density of methane (CH 4 ) at 
noimal temperature and pressure if hydrogen weighs 0 00559 lb. per 
cii ft at noimal tompeiature and pressure (N T.P.). 

56 Calculate the volume of air required to burn 1 cii ft of methane 
(( H 4 ) at N.T P. What is the percentage reduction of volume with thi 
hast amount of air if the products of combustion are assumed to be 
Kcluced to atmospheric temperature and pressure? 

57 (Calculate the least volume of air required to burn completely 
1 oil ft of liydrogen, and the percentage reduction m volume after 
(onibustion 

58 Clive a brief description of a gas calorimeter. 

59 Determine the calorific value of coal gas in B.Th.U. per cu. ft. 
from the folloi^ing experimental results 

Volume of coal gas burnt, measured at 60® F. and 30 m. of mercury = 

0 325 cu. ft. 

Wt of water = 1560 grams. Initial temperature of water = 14 6 ° C. 

Final temperature of water = 40 9° C 

Note. — 1 gram calorie = 0 003968 B.Th U. 

Conversion of energy and miscellaneous exammation questions. 

60 How many B Th U. and C H U. of heat energy are available 
when 370,000 foot pounds of mechanical energy are converted to heat 
energy ’ 

61. Find the rise of temperature in Fahrenheit degi^s produced in 
10 gallons of water by the heat equivalent of the mechanical energy 
expended in raising 6 tons to a height of 20 ft. 

62. A fuel has a calorific value of 15,000 B.Th U. per lb. Fmd the 
work equivalent if the efficiency of combustion is 40%. 

63. A locomotive consumes 4 tons of coal of average calorific value 
11,000 B.Th.U. per lb. on a journey of 4 hours’ duration. The engme 
has a H P. of 1050 ; find the overall efficiency. 
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64. What weight of coal of calorific value 11,500 B.Th.U. per lb. is 
consumed in one hour by a boiler serving a 140 H.P. engine if the over¬ 
all efficiency of boiler and engine is 12 | % ? 

65. A dyeing works requires to heat 4000 gallons of water from 55° F. 
to 210° F. every'hour. What would you expect the coal consumption 
to be if the efficiency of the boiler is 18^o the C.V. of the fuel 12,000 
B.Th.U. per lb. ? 

66 . In a pulverised fuel furnace 35,000 B.Th.U. are liberated per 
minute per cubic foot of furnace volume. Calculate the least weight of 
coal required per cubic foot of furnace volume per minute if the calorific 
value is 12,000 B.Th.U. per lb. 

67. A Beardmore-Blake boiler working at 165 lb. per sq. in. burned 
328*6 lb. of oil fuel in 1 hour while evaporating 4197 lb. of water. If the 
calorific value of the oil is 19,000 B.Th.U. per lb., and if each pound of 
water receives 1170 B.Th.U., calculate the efficiency of the boiler. 

68 . Using the table of calorific values given below, calculate the 
theoretical horse power developed corresponding to the burning of 1 lb. 
of each fuel per minute. 

B.Th.U. per lb. B.Th.U. per lb. 

(a) Peat (air-dried) - 10,000 (e) Kerosene - - 19,000 

(b) Newcastle steam coal 14,700 (/) Petrol - - 18,450 

(c) Scotch caniiel - - 13,500 {g) Trinidad crude 

(d) Welsh anthracite - 15,200 oil - - - 18,400 

(b) Russian fuel oil - 19,400 

69. What is meant by the term “ mechanical equivalent of heat ” ? 
Describe an experiment for its determination. 

70. A gas engine is consuming 2*14 cu. ft. of gas per min., and th(‘ 
calorific value of the gas is 491 B.Th.U. per cu. ft. If the output of the* 
(aigine is 4*7 H.P. find the thermal efficiency of the engine. 

71. If a Diesel engine uses 0*4 lb. of oil of calorific value 19,000 
B.Th.U. per lb. pe'r B.H.P. per hour, what is its thermal efficit'ncy. 

72. 40 lb. of water in an absorption dynamometer is raised in tfmpera- 
ture 36° F. What quantity of kinetic energy in ft. lb. has been absorbed. 

73. The combustion of 1 lb. of petrol generates 18,000 B.Th.U. For 
how long would this petrol propel a 10 H.P. car if only 20*\j of the 
energy available is usefully employed? 

74. At 2350 r.p.m. the petrol consumption per hour at full throttle 
of an aero-engine is 9*75 gallons. If the B.H.P. is 130 and the calorific 
value of the petrol 18,750 B.Th.U. per lb., estimate the thermal effici¬ 
ency of the engine. Specific gravity of petrol = 0*78. 

75. If the latent heat of the petrol used (Question 74) is 132 
B.Th.U./lb., find the energy in ft. lb. necessary to evaporate 10 gallons 
of petrol of specific gravity 0*78. 
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76. A high pressure gas burner giving out 1000 candle power con¬ 
sumes gas of calorific value 600 B.Th.U. per cu. ft. at the rate of 40 cu, 
ft, per hour. If 7% of the heat energy available is converted into light, 
what is the equivalent of 1000 candle power in B.Th.U. per minute. 

77. A 1500 watt lamp gives out a candle power of 2340 when new. 
Convert this output of energy to B.Th.U. per minute per 1000 candle 
power. 

78. In the determination of Joule’s equivalent by Callendar’s appa¬ 
ratus the friction produced by a net brake load of 4123 gm. acting at a 
radius of 3 in. raised the temperature of 345 gm. of water inside the 
brass drum through 1*18° C. after 100 rev. of the drum. Calculate the 
value of Joule’s equivalent. Water equivalent of apparatus = 42*2 gm. 

79. A locomotive bums 560 lb. of fu»^l of calorific value 11,500 B.Th.U. 
on a run of 30 miles. The average draw bar pull was 2600 lb. What is 
the thermal efficiency of the locomotive ? 

80. Define the terms “ calorific value”, “ ignition temperature ”, 
“ minimum air ”, “ excess air ”, “ products of combustion ”, “ mecli- 
ariical equivalent of heat ”, and “ unit of heat ”. 

81. Assuming the specific heat of iron remains at 0115, find how much 
coal must bo consumed to raise the temperature of the metal of a furnace 
through 1500 Fahr. degrees. Weight of iron, 3 tons. C.V. of coal, 
13,000 B.Th.U. per lb. Efficiency of operation, 84^o* 

82. What is the specific heat of a substance ? 

If 100 gm. of water at 100° C. are poured into 120 gm. of turpentine 
at 9° C. and the resulting temperature found to be 70° C., what is the 
specific heat of the turpentine ? What reason have you for supposing 
that the result you give may not be correct ? (U.L.C.I.) 

83. What is meant by specific heat, latent heat, sensible heat ? 

During an experiment to find the specific heat of copper the following 

observations were made : 

Wt. of copper calorimeter empty = 60 gm. 

Wt. of copper calorimeter plus water = 290 gm. 

Initial temperature of water and calorimeter = 16° C. 

140 gm. of copper at 100° C. were placed in this calorimeter, and the 
final temperature of the water was found to be 20*5° C. From this data 
calculate the specific heat of copper. (U.L.C.I.) 

84. What do you understand by coefficient of linear expansion ? 

A copper pipe in a heating system is 30 ft. long at the normal tempera¬ 
ture of 15° C. ; find its length when water at a temperature of 85° C. 
flows through it. Coefficient of expansion of copper per °C. =0*000017. 

(U.L.C.I.) 
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THE HEAT ENGINE—WORKING SUBSTANCES AND THEIR 
PROPERTIES—THE GAS LAWS—STEAM TABLES AND 
STEAM QUANTITIES—MEASUREMENT OF HIGH TEM¬ 
PERATURES 

The heat engine. The change of heat into mechanical energy is 
a difficult matter to perform efficiently, and a heat engine is used to 
bring about the transfer. The definite relation, discovered by Joule, 
between the two kinds of energy has made it possible for the 
engineer to find whether his boiler and engine are making the best 
use of the heat energy supplied by the fuel. The engineer can draw 
up a balance sheet to show the proportion of heat energy actually 
converted into useful mechanical work, and what is wasted, and 
how it is wasted. 

Even in the most up-to-3ate and efficient plant there is still a 
great loss of energy. To understand this it must be remembered 
that a heat engine uses a gas or vapour to effect the transfer of 
energy. This gas or vapour is called the working substance and to do 
work it must expand and remain expanded, and thus hold a con¬ 
siderable proportion of its heat energy. When this expansion has 
reached its useful limit the expanded substances are often discarded^ 
as in the locomotive and motor car. In stationary engines the 
exhaust heat is often utilised. The exhaust steam from reciprocating 
engines can be usefully employed to drive low-pressure turbines, or 
for heating or industrial purposes. In any event, it appears that 
the conversion of energy caq>.be most efficiently done in stages. 

It must be emphasised that neither the working substance nor 
any of its energy is destroyed while passing through the heat engine. 
The laws of conservation of matter and energy can be quoted in 
support of this statement. Matter and energy can be changed in 
character but never destroyed. 
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TSxample. A column of air of volume 6*196 cu, ft, and at 0 ° C, is 
enclosed in a cylinder of 1 sq. ft, cross-sectional area and supports a piston 
weighing 2117 1h, The air is heated at constant pressure up to 200° (?., 
causing it to expand and do external work by raising the piston. The air 
weighs 1 Ib,^ and its specific heat at constant pressure is 0*2375 {see table). 
Coefficient of expansioii — ’^ per cu, ft, per degree C, Find the thermal 
efficiency of th^q^eration. 

The piston Will only remain raised if the air retains the heat energy 
necessary for it to remain expanded. Thus only a proportion of the 
energy supplied has been converted to mechanical work. 

Expansion of air 

= volume X coefficient of expansion xrise of temperature 
= 6*195 X 2^3 X 200 =4*535 cu. ft. 

Height piston is raised =4*535/1=4*535 ft. 

Work done in raising piston = 2117 x 4*535 = 9600 ft. Ib.^ 
Equivalent heat energy =9600/778 = 12*33 B.Th.U. 

Heat to expand air and do work 

=mass X specific heat > rise of temperature 
= 1 X 0*2375 X 200 = 47*5 B.Th.U^ 

Heat retained to keep air expanded (ineffective work) 

'*fe:hcat to expand - external work done 
= 47*5 - 12*33 = 35 17 B.Th.U. 

Percentage of heat usefully employed, or 

12*33 

thermal efficiency of the operation = ——- x 100 =25*9^o* 

47*5 

In this expansion, to simplify the problem, heat is supposed to be 
supplied at constant pressure, the piston is assumed to be air-tight 
and cylinder expansion is neglected. If a cast iron column had been 
used instead of an air column, only about \% of the heat supplied 
would have been converted into work. This is because cast iron 
expands very little when heated. Therefore as working substances 
for heat engines, gases and vapours are much better than solids and 
liquids. The ideal working substance* must possess great expansi¬ 
bility and a low specific heat: that is, it must be capable of great 
expansion, which can be produced by very little heat. In the steam 
engine, heat is taken in in a separate vessel called the boiler during 
the process of vaporisation. The steam is allowed to expand in the 
engine cylinders, and the work dpne is mainly supplied by the internal 
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heat energy possessed by the steam. In the internal combustion 
engine the working substances are the products of rapid com¬ 
bustion or explosion of a mixture of fuel and air. Here again 
the working substances draw on their own stock of internal heat 
energy to perform external work, and the temperature and pressure 
fall in the process. 

The following comparison may be of interest: 

Cost of food (20 lb. of oats and 20 lb. of hay per horse) for 20 large 
horses working for 8 hours=43 shillings approx.. 

Cost of petrol (14 gallons) and oil for a 20 brake horse power engine 
working for 8 hours = 18 shillings approx. 

A good modem Diesel oil engine will consume about 0*35 lb. of 
fuel per hour per brake horse power, representing a conversion into 
useful work t)f 38*3% of the heat energy in the fuel. The corres¬ 
ponding figures for a gas and a petrol engine are respectively 25 
and 23%. An oil-fired boiler and steam engine would bum 0*6 lb, 
of fuel per hour per B.H.P., representing a conversion of 20%. The 
water tube boiler of modem design can transfer 88% of the heat 
energy in the fuel into the steam it produces, while the steam 
turbine will convert 31% of tl^e energy in the steam at the stop 
valve into electrical energy when driving a generator. The ratio 
heat converted into work 
heat supplied 

is called the thermal efficiency of an engine. 

Properties of working substances. Gas is the general term used 
to denote one of the three states, solid, liquid and gaseous, in which 
matter can exist. Liquids and gases are sometimes classified as 
fluids. A gas under pressure has elastic properties and will always fill 
a container whatever its size, and many gases need great pressures and 
low temperatures to liquefy them. When a gas approaches its liquid 
state it becomes a vapour. A perfect gas is one which obeys Boyle's 
Law, which states that the absolute pressure P and volume V of a 
given mass of gas are inversely proportional, that is, 

PxV = P-^~= constant, 
provided the temperature remains constant. 
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A gas expanding according to Boyle’s Law is said to expand 
isothermally (that is, without change of temperature), and the pr^- 
sure V, volume graph is a curve known as the rectangular hyperbofa. 
Sometimes the expansion is called hyperbolic, although hyperbolic 
expansion is not necessarily isothermal expansion. 

Exft. 16 . Relation between pressure and volume of a gas. 

Objects. To verify Boyle's Law for a gas, that is, to show that the 
volume of a gas is inversely proportional to its 
pressure when the temperature is constant. 

Appabatus. Boyle’s Law apparatus (Fig. 20), 
which consists of two glass tubes attached to 
slides whch can be moved upward and down¬ 
ward on a vertical fixed scale. The two tubes 
are connected by a length of stout rubber tub¬ 
ing, and one of the tubes B has an open end, 
while the other A is closed with a glass cock. The 
rubber tube is filled with mercury and a certain 
weight of air is trapped in the closed tube A. 

Method of procedure. The slides A and B 
are adjusted with the cock on A open until about 
half the volume of A contains air and the mercury 
levels in A and B are the same. Thus the air in 
A is subjected to atmospheric pressure. The cock 
on A is then closed. Next B is raised so that the 
air in A becomes subjected to a pressure equal to 
atmospheric plus a mercury height equal to the 
difference in the mercury levels of A and B. For 
example, if the barometer reading is 30 in. of 
mercury, and the difference of mercury levels on 
A and B is 12 in., the air in A is subjected to a pres¬ 
sure equivalent to 30 + 12 or 42 in. of mercury. 

From the scale the length of the air column in A 
can be read, and this reading is proportional to 
the volume of the air. A series of observations 
for varying pressures and volumes are taken and 
a graph drawn of pressure against volume. If 20. Bovles 
another graph is drawn of pressure against law t^pparatxis. 

TOlum e ’ second graph will be a straight line passing through 

the origin, thus showing that pressure is inversely proportional to 
volume. The student should calculate the product of pressure and 
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volume for each observation. These products should produce a 
constant within the limits of experimental accuracy. Thus Boyle's 
Law may he expressed as Pressure x Volume is a constant when the 
temperature of a gas is kept unchanged. 

Observations. 

P V 


Barometer 

Difft^renee of 

Press, on 

Volume of 

P X F. 

1 

height 

mereiiry level 

air 

air 

V 

30 in. 

5 in. 

3.) in. 

3*5 in. 

122-5 

0-286 

30 in. 

10 in. 

40 in. 

3 0 in. 

120 

0-333 

30 in. 

1.5 in. 

4.5 in. 

2-65 in. 

119-3 

0-378 

30 in. 

20 in. 

50 in. 

2-45 in. 

122-5 

0-408 

30 in. 

0 in. 

30 in. 

4 in. 

! 

120 

0-25 


Graphs. 




Expt. 17. Object. To verify Boyle's 
Law {2nd method). 

Apparatus. 8ee Fig. 23. 

Method of procedure. Air is forced 
into the domed chamber by a pump and 
its gauge pressure read. The air pressure 



Fig. 23. Boyle’s Law apparatus. 

{A. Macklow Smith, Ltd.) 
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forces mercury into the capillary tube on the right and compresses 
the air imprisoned in it. The length of this quantity of air is a 
measure to some scale of its volume, and these lengths are tabulated 
against the absolute pressure of the gas. 

Observations. 

Barometric pressure =29*5 in. of mercury 
= 14-45 lb. per sq. in. 

Temperature constant at 14*5° C. 

Absolute pressure = gauge pressure + barometric pressure. 


Volume V 
or length of 
air column 

Gauge 

pressure 

Absolute 

pressure, 

P lb./in.2 

PxF 

25-63 

0 

14-45 

370-3 

15-18 

10 

24-45 

37M 



34-45 


8-28 


44-45 


7-52 



371-9 

6-85 



373 


The values of the products of P^^and V are, within practical limits, 
constant. Thus Boyle's Law is verified ; that is, the pressure of a 
gas is inversely proportional to its vol¬ 
ume when the temperature is constant. 

Charles’ Law. Experiments with 
rather elaborate apparatus show that, 
when the pressure of a perfect gas is 
kept constant, and the temperature of 
the gas is raised, then its volume changes 
in such a way that the volumes and 
corresponding temperatures lie on a 
straight line graph (Fig. 24). Approxi¬ 
mate results could be obtained with 
the apparatus just described, if the 
capillary tube could be heated by a 
steam jacket. When the graph is pro¬ 
duced backwards to cut the temperature axis, it is found to cut 
this axis at ~ 460° F. This is called absolute zero, and temperatures 
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read above this are called absolute temperatures. Thus 68° F.=68 + 460 
or 528° F. absolute. Absolute zero on the Centi^ade scale is - 273° 
C., and the absolute temperature is obtained by adding 273° to the 
normal Centigrade reading. For example, 

64° C. = 64 + 273 = 337° C. absolute. 

This result on the Centigrade Scale was first discovered by the French 
physicist Charles in 1787. He also found that if the volume was 
kept constant then the graph of pressures and temperatures cut 
the temperature axis also at -460° F., or more exactly -4594° F. 
These laws are often stated thus : 

(a) if the volume V of a gas is kept constant, the absolute pressure P 
is directly proportional to its absolute temperature T, or 
PjT =const. {if V is const.); 

{b) if the pressure of a gas is kept constant, the volume V is directly 

proportional to its absolute temperature 
T, or VjT-const, (if P is const.). 

Expt. 18 . 

Object. To verify the first of 
these Charles^ Laws for a gas; that 
is, the pressure of a gas which is 
maintained at constant volume in- 
creases by a fraction 1 /273 of its pres¬ 
sure at 0°C'. for every 1° C. rise in 
temperature. 

Algebraically this law may be 
expressed as follows : 

Pt =Po(lwhere is the 
pressure at PC., Pg pressure at 
0° C., and t the rise in temperature 
in degrees C. 

Apparatus. A wooden stand 
fitted with levelling screws, and 
carrying a vertical scale. Attached 
to the back board (Fig. 25) is a glass 
bulb A with a bent glass tube con¬ 
nected to a straight glass tube B by an indiarubber pipe C. The 
tube B is fitted to a slider free to move vertically up and down the 
back board. The rubber tube is filled with mercury, and A contains 
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a quantity of air which is trapped by the mercury in the rubber tube 
and can be heated by immersing the bulb A in a beaker of water. 


Method of procedure. Immerse the bulb A in a beaker 
of melting ice, and allow it to remain for some time until the air in 
A is at the temperature of melting ice, that is, 0° C. Adjust the 
slider so that the mercury levels at D and E are the same. Note the 
level D. Next immerse the bulb in water and heat the water to a 
steady 20° C. and maintain this temperature for some time. The 
level D will fall and level E will rise to meet the expansion of air in 
A. Raise the tube B until the level of D is restored to its original 
value, and read off the differences in level of E and D. Then the air 
in A will be at a pressure equal to barometer reading plus the level 
difference of D and E. Repeat the experiment for temperatures of 
40°, 60°, 80° and 100° C., and tabulate the results. Then in these 
observations the volume of air in A is kept constant, the temperature 
has been increased and the pressure has increased. The increase of 
pressure is the difference of the mercury levels at E and D, so that 
if a is the coefficient of increase of pressure with temperature when 
the volume is kept constant. 


in which 
and 

thus, by division. 


Pi =Po(l + afj) 
P2 =Po(l + cd^ ; 
P 2 1 “f" 0^2 

Pi 1 + a^i 


(a) 


Cross-multiplying in (a), Pg + P^od^ = Pi + Pia^g- 
Rearranging, a (Pg^i - Pi^g) = Pi - Pg; 

Po^i - Pl^g. 

and from this expression a value of a may be calculated. Pg and Pj 
are values of P^ when t has the values fg and respectively. 

Note 1. There is a possible source of error in this experiment, 
since the volume of air in A is apparently constant. The container 
expands, but the extent of its expansion is negligible when com¬ 
pared with that of the air in A, 


Note 2. The value of a = 2^3 which will be determined from 
this experiment is the coefficient of increase of pressure with tempera¬ 
ture, but since under the consideration of Boyle’s Law the increase 
of pressure is related'^'to the decrease of volume, the value of a is 
also the coefficient of increase of volume with temperature. 
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Combination of Boyle’s and Charles* Laws. 

If 1/273 be substituted for a in equation {a) of experiment 55, the 
result will be 


P2 1+V273 

Pi“l +^i/273’ 


Multiply the numerator and denominator of the last fraction by 
273, and remembering that 273^^ + f V. is the absolute temperature 
T, then 


Pi~273° + <i 1\’ Ti' 


{b) 


when the volume is maintained constant. 

In a similar way by keeping the pressure constant the same 
apparatus can be used to show that 1/273 is the coefficient of in¬ 
crease of volume per Cen. degree if the initial volume is that at 0° , 

and thus 


T, 


(c) 


This constitutes the second law of Charles and is exemplified in 
Fig. 24, where it will be seen that if absolute zero be taken as the 
origin for the graph, then V is directly proportional to T. However, 
in the region of absolute zero, even for permanent gases, Charles’ 
law does not hold owing to changes in the state of the gas. 

The expressions (6) and (c) are both satisfied by 




id) 


since with constant volume Fg = T"i, and (d) becomes P 2 IT 2 ^PJPi^ 
and with constant pressure P^^Pi, and (d) becomes VjT 2 = VilTi- 
In (d) the suffixes 1 and 2 indicate a change of conditions of the 
same mass of gas from the state indicated by the values P^, F^, 
to the state indicated by the values P 2 , Fg, T 2 - Thus the quantity 


absolute pressure x volume 
absolute temperature 


remains constant, providing the mass of gas is unchanged and 
Boyle’s and Charles’ Laws are complied with. 

PF 

Expression (d) can thus be written =K, where K is a constant 

depending upon the mass and properties of the gas. It may be 
written PF —KT, A study of this expression will show that a 
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reduction of P brings about an increase of F, while'a reduction of T 
decreases F, but to a lesser extent because T is already a com¬ 
paratively large number. The expression (d) is extremely useful in 
making calculations of changes in the conditions of a given mass of 
gas. 

Characteristic equation of a perfect gas. This equation, in 
symbols, is written PV = RT, since it satisfies both Boyle's and 
(Charles’ Laws. R is caUed the gas constant when 1 lb. of gas is con¬ 
sidered, and in this case F is called the specific volume (since it is the 
\ olume of I lb. of gas), and P is the absolute pressure in lb. per sq. ft. 
U = 5vl*2 ft. lb. j)er lb. per degree F. for air. The characteristic or gas 
equation is of great importance to the engineer. 

Many of the gases which serve as working substances for heat 
engines behave almost as perfect gases. 

When F refers to the volume of w lb. of gas instead of I lb., R, 
the characteristic gas constant, may still be included if the equation 
is written 

P V P V P V 

PV^wRT or 

-^1 -^2 ^3 

for three different states 1, 2, and 3 of the gas. 

The units in which R is expressed will depend upon those used 
for P, F, T and iv. It is customary to express P in lb. per sq. ft., 
V in cu. ft., w in lb., and T either in absolute Fahr. or Cen. degrees. 
Thus the units of R will be, since R^PVjwT, 
lb. X (ft.)^ 

(ft.)‘^ X lb. X Cen. or Fahr. degrees abs. 

= ft. lb. per lb. per Cen. or Fahr. degree. 

R can also be expressed in heat units by dividing by J, the mech¬ 
anical equivalent of heat, 778 for 1 B.Th.U., 1400 for I C.H.U. 

It is also worthy of note that the above expression in the form 
PF 

w = can be used to determine the weight of a quantity of gas 

when the quantities P, F, R and T are known. 

Specific heats of a gas. When any gas is heated at constant pressure 
its specific heat, written Cp, is found to be greater than its specific 
heat when heated at constant volume and denoted c^. The values 

B.B.E.S.U 


1' 
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of Cj, and depend upon the nature of the gas, and their values 
also alter with the temperature. When a gas is heated at constant 
volume, no external work is done, so that it is reasonable to suppose 
that should be less than Cj,, Also, when J? is in heat units it is 
found that i? = Cp - c^. 

Thus, for air, 00684=0*2375-01691 where Cp =0*2375 and 
Cp =0*1691. 

Hence = 0*0684 x 778 =53*2 ft. lb. per lb. per Fahr. degree, 
or =0*0684 x 1400 =95*8ft. lb. per lb. per Cen. degree. 

The property of gases whereby they can pass through different 
substances, including gases, is called diffusion. When two or more 
gases are introduced into a closed vessel each will expand in turn to 
fill the vessel, diffusing through the gas already occupying the 
space, and the total pressure will be the sum of that due to each 
gas, the volume of each being the volume of the vessel. 

The principal quantitative properties of a gas are its temperature 
and pressure, the volume of 1 lb. or specific volume, the character¬ 
istic constant, specific heat at constant pressure and constant 
volume and the heat content above some datum temperature. 


Example 1. 4 cu. ft, of air at 14*7 lb. per sq. in, abs. and 40 F. arc 

compressed isotherrnalhj to 58*8 lb. per sq. in. Calculate the new vohime. 
If the gas is now heated to 440° F. while this new pressure remains constant, 
find the final volume. Show that the final result can be calculated directly 
by using the characteristic equation. 

By Boyle’s law, 

or Fa = PiF,/P.- 14*7 X 144 X 4/58*8 X 144 = lcu. ft. 

By Charles’ law, 

VJV^^TJT^ov F 3 -T 3 F 2 /T 2 = (460-f 440) xl/500 = l-8cu.ft. 

Using the Characteristic Equation, 

Pi =14-7 xl44 lb./ft.2 
Pa = 58*8 X 144 Ib./ft.^ 

Fi —4 cu. ft. 

Fa is to bo found. 

Ti = 460° 4- 40° = 500° F. abs. 

Ta = 440° + 460° = 900° F. abs. 
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Example 2. Find the weight of ammonia in a gas cylinder if the volume 
is 3 ctt. ft., the absolute pressure is 20 atmospheres and the temperature 0° F, 
Take R as 101*92 ft. lb. per lb. per Fahr. degree. 

P~20 atmospheres =20 x 14*7 x 144 lb./ft.® T = 459*4° F. abs. 
r — 3 cii. ft. = 101*92 ft. lb. per lb. per Fahr. degree. 

20 V 14*7 144 V ^ 

Since PV = wRT, then w = PVIRT = , ^ = 2*714 lb. 


Example 3. If = 0*224 and c^ = 0*16 are the specific heats at constant 
press^ire and volume respectively for oxygen, calculate the value of R for 
oxygen in G.H.U. per lb. per Cen. degree and the density of oxygen at 

N.T.P. 

R = Cj,-c^ = 0*224 - 0*16 = 0*064 C.H.U. per lb. per Cen. degree. 

Also >? = 0*064 X 1400 = 89*6 ft. lb. per lb. per Cen. degree. 

At N.T.P., P= 14*7 ^ 144 Ib./ft.® and T = 273° C. abs. 

Also F = 1 cu. ft., since the weight of 1 cu. ft. is required. 

PV 147 x144 -1 

^ = • S9-6 x273 -008654 lb. per cu. ft. 

✓ 

Example 4. An engine consumes 2*14 cu. ft. of coal gas per minute. 
The temperature and pressure of the gas as used are 65^ F. and 31 in. of 
mircury. What is the gas consumption at 0° C and 30 in. of mercury, and 
wh(tt is the value of the heat received by the engine per minute? Calorific 
lvalue of gas at N.T.P. = 496 B.Th.V. per cu. ft. 

Initial conditions : Final conditions, N.T.P. 

Pi 31 in. of mercury. P 2 = 30 in. of mercury. 

I 1 - 2-14 cu. ft. T 2 IS required. 

Tj = 65 - 460 ^ 525° F. abs. Tj 492° F. abs. 

P, T, 31 492 „ , ^ „ „„„ 

= > Ti = 57; ■ X 2 14 = 2 072 cu. ft. 


= 2*072 cu. ft. 
1028 B.Th.U. 


Heat to engine per min. = 2*072 x 496 = 1028 B.Th.U. 

^Example 5. The weight of air dealt with by the forced draught fan of a 
holler was 36,000 lb. per hour. Find the volume of this quantity of air at 
60“ F. and at a pressure of 14*7 lb. per sq. in.? R = 53*2 ft. lb. per lb. per 
Fahr. degree. 

36,000 lb. P= 14*7 x 144 lb. per sq. ft. V is required. 

400 1 60= 520° F. abs. P = 53*2 ft. lb. per lb. per Fahr. degree. 

^ T^rr r.rrr rr 36,000 x53*2 x520 

fromPF = i^pr, F^—= — —— - 

P 14*7x144 

= 470,400 cu. ft. per hour. 
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Example 6. Air^ which has been pumped into a diving hell at the bottom 
of a harbourf occupies 1500 cu. ft., and its pressure and temperature are 
35 lb. per sq. in. and 64° F. respectively. What is the volume of this air 
at atmospheric pressure (14*7 lb. per sq. in.) and temperature 50° F. ? 

PV 

Now PV —wRT where w is the mass of gas, or =wR. Therefore 

P V P V ^ 

—for the initial conditions^ const. —wR for the final conditions, 

i 1 i 2 

Pj = 35 X 144 lb. per sq. ft., Pg = 14*7 x 144 lb. sq. ft. 'j 

!ri = 460‘’ + 64'*=524°F.abs.. Tj=460° + 50°=610°F.ab8. }-F,=• 

Fi= 1500 cu. ft.. Fa is to be found. J 


Then 




35x144x1500x510 
14*7 X 144 X 524 


or 3477 cu. ft. 


Notice that 144 cancels in problems of this type. 


Work done by an expanding gas or vapour. Suppose a gas or 
vapour enters a cylinder and acts on a piston of area 1 sq. ft. with 
a gauge pressure of p lb. per sq. ft. If the piston is imagined to be 
air-tight and the other side o|)en to the atmosphere, then the back 
pressure will be atmospheric. That is, the pressure opposing motion 
is atmospheric. The work done, if the expansion is resisted by <i 
force along the piston rod, in a distance represented by BC (Fig. 2()), 
is force x distance x 1 sq. ft. x BC. This is represented by the 
area AFCB, and it will be noticed that the work done is equal to the 
constant pressure in lb. per sq. ft. multiplied by the volume sivept by 
the piston. The pressure p has been maintained by new vajiour 
entering the cylinder. Now suppose the vapour supply is cut off, 
then what is in the cylinder will expand and force the piston to the 
left, the pressure falling as the volume increases. If the expansion 
is assumed to be isothermal or according to Boyle’s Law, the rela¬ 
tion between pressure and volume will be represented by the 
hyperbola or isothermal CHD. The amount of work done by the 
movement FG of the piston will be average pressure x piston area x FG, 
which is represented by the area CHGF. Similarly, if the piston 
stops at E the work done is given by the area BCHDEFA, or the 
area of the pressure volume diagram represents the work done 
on the piston during one stroke. If the pressure had dropped 
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uniformly the work done would have been shown by the area 
BCJDEA. 

Heat has always to be added to a vapour during isothermal 
expansion. If the expansion occurs so quickly that no heat is 
received from or given to external sources the expansion is called 
adiabatic (see Fig. 26, linl^CKL). The actual expansion curve, for 




tlie working substance in engines, generally lies between the iso- 
thermal and the adiabatic, although nearer the latter. If the 
^ olume of the vapour in the inlet pipe is ignored, 

volume after expansion AE 

ratio of expansion = —^-r—- - -;— = 

volume beiore expansion AF 

In the corresponding reverse operation when the working sub¬ 
stance is compressed and its volume reduced, the ratio of compres- 

, volume before compression ^ 

Sion 18 given by —=-:—. Thus the ratios ot 

^ volume after compression 

expansion and compression will both exceed unity. 

When the expansion is adiabatic the temperature falls during the 

process, although no heat has left the vapour or gas other than the 
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heat energy in the gas which has been converted into work. In 
other words, the change of energy is equivalent to the external work 
done. During adiabatic compression the temperature of the work¬ 
ing substance rises since external work is done on it. 

The law of adiabatic expansion and compression or^the equation 
connecting corresponding values of P and V in the pressure-volume 
diagram is PV’^=K, where K is a constant depending upon the 
nature and quantity of the gas, apd y is the usual symbol denoting 
the ratio of the specific heats for the gas. 

For isothermal expansion and compression the equation of tlio 
curve is PV = K where y is unity, thus, PV^ =K =Py^—PV. In 
this case since the temperature remains constant throughout tlie 
change, a quantity of heat, equivalent to the work done, must be 
added during expansion and deducted during compression. When a 
gas is expanded or compressed very slowly so that heat may be 
absorbed from the surroundings during expansion and rejected to 
the surroundings during compression, so as to maintain the tempera¬ 
ture constant throughout the process, then the change may be 
regarded as isothermal and the pressure-volume changes follow 
Boyle’s Law. 

General law for expansion and compression curves. This law is 
usually written PV^—K. For isothermal expansion and compres¬ 
sion w —I, and for adiabatic expansion and compression 

for air and 1-26 for steam at 100° C. and atmospheric pressure due 
to 30 in. of mercury. Actually r? may have any value, but for the 
working substances generally used, the range is from 0-9 up to 1 *5. 
Fig. 27 shows how the value of n affects the expansion curve in a 
number of cases ; the same initial conditions of P and V have been 
taken for each so that a comparison can be made. When n the 
expansion curve is a straight line parallel to the axis of F, that is, 
expansion at constant pressure. The other extreme case sho’v^^n, 
when w=2, illustrates the inverse square law, that is, expansion 
such that the pressure is always inversely proportional to the square 
of the volume. 

Pig. 28 shows in a similar way how the value of n in PV^^K 
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Volume V 


Fig. 28. PF’*=X, compression curves 
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alters the shape of the compression curve. As before, an arbitrary 
point has been chosen to represent the initial values of /* and 1; 
while the extreme cases of n=0 and n-2 are shown. 

In calculations involving PV^-K, it is generally more con¬ 
venient to employ the form = values of 

and Pg being absolute pressures in the same units. 


Example 1. 3 cu.ft. of gas originally at a pressure of 200 Ih. per sq. in. 

(lbs. expand (a) isothermally, (h) adiabatically and (c) according to the law 
PV^'^ — Ky until a final volume o/ 15 cu. ft. is obtained. Calculate the 
final pressure in each case and the expansion ratio. Take y as 1-4. 

Initial conditions, Fj — 3 cii. ft. Pi - 200 lb. per sq. in. 

Final conditions, Fo— 15 cu. ft. is required. 

(a) Isothermal expansion, as curve AE, Fig. 27. 


3 

-- 40 lb. per s 
15 


1 . m. 


- 21*01 per sq. in. 


p,v,-^p,v,y p,=rPj\iv,-2eo 

(b) Adiabatic expansion. 

PtF,y /FtN’' /1\^** 200 

P.F.v = P,F.v or = -200 xQ 

Log 200 -2*3010 
1*4 log 5 =0*^^) 

Difference = 1 *3224 — log 21*01 

(c) Expansion according to the law PF^'® = /\, as curve AF, Fig. 27. 

P,Fx*-“ = PxF,> = or P, -- Px ( ’J) -- 200 ( ) = “ 

Lo. 200= 2-3010 
1-5 log5=J-0485 
Difference = 1*2525 -log 17*88 

A1 .* 15 011. ft. ^ 

Also r — expansion ratio = --- - — 5. 

3 cu. ft. 


--17*88 lb. per sq. in. 


Example 2. A given mass of air has a volunw of 2 cu. ft. when its 
absolute pressure is 220 lb. j)er sq. in. and its temperature 1()0 ’ C, 

(a) Calculate its new temperature and the work dime when it expands to 
a volume of 6 cu. ft. while its pressure remains constant. 

(b) Calculate the final temperature if the pressure of the gas falls to 
25 lb. per sq. in. absolute while the volume remains at 2 cu. ft. What 
would be the work done, if any, in this case? 

(a) Initial conditions : 

Pi = 220 lb. per sq. in. absolute. 

Fi = 2 cu. ft. Ti = 160° + 273° = 433° C. abs. 
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Final conditions : 

P^-Pi — const. V 2 -Q on. ft. Tg is required. 

Then becomes , or Ti= 1299^ C. abs. 

= 1299°-273°= 1026° C. 

Work done = constant pressure x change of volume (see p. 74) 

= 220 X 144 X (6 - 2) = 126,720 ft. lb. 

(6) Initial conditions as in (a). 

Final conditions: P 2 = 25 lb. per sq. in. abs., V 2-2 cu. ft., 
2\ is required. 

P P P T7 *'90 

In this case, becomes = ^ T 2 = 4:9-2° C. abs. 

11 J. 2 4ou J. 2 

= 49-2°-273°= -223-8° C. 

In this case no work will be done, since there has been no change 
of volume. ‘ 

Example 3. In a gas engine the volume arid the pressure at the com^ 
mencement of expansion are respectively 0-14 cu. ft. and 320 Ih. per sq. in. 
Find the volume when the pressure has dropped to 50 lb. per sq. in. if the 
expansion is (a) isothermal^ (b) adiabatic, or (c) according to the law 
PV^'^ — K. Take y as 1-4 for adiabatic expansion. 

Initial conditions : = 320 lb. per sq. in. = 0-14 cu. ft. 

Final conditions : Pg ~ 50 lb. per sq. in. Fg is required. 

(a) Isothermal expansion. 

Pi Fi = P 2 Fs, or F 2 - Px F 1 /P 2 = 320 x 0-14/50 = 0-896 cu. ft. 

(b) Adiabatic expansion. 

P 320 

or TV IV-^.014>‘-6-4 > 014> *. 

1 2 

Thus, T" 2 *’^ = 6-4 x 014^'*, and taking logarithms of each side of the 
eciuation, 

1-4 log Fa = log 6-4+ 1-4 log 014. 

Divide through by 1*4, 

log Fa = (0-8062-^1-4)+T-1461 

= 0-5759 +1 1461 = T-7220; 

Fa = 0-6272 cu. ft. 

(c) Expansion according to PF^’® — it. 

P 320 

PiFx1-3:=P^|7^i. 8 or F,1» = ^' = ^ x0 l4^‘^ or 6-4 xO-U^ *. 

± a ^0 
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Taking logarithms of each side, 

1-3 log Fa = log 6-4+ 1-3 log 014. 

Dividing through by 1-3, 

log Fa-(log 6-4^1-3) +log 014 
-0*8062^1*3 + T1461 
= 0-6202 + T -1461 ~ T-7663. 

/. Fa^-0-5838 cu. ft. 

' Example 4. Find the temperature and pressure at the end of com pres- 
sio}! for a Diesel engine if the initial conditions are 100" F. and pi'essitre 
14-5 it), per sq, in. abs., coynpression ratio 14. Compression curve Jau', 

p|M35 

Initi.il conditions : 

I\ 14-5 lb. per sq. in., Fi=14 units, Ti = 460°+ 100° —560^ abs. 
Final conditions : Pg is required. Fa — 1 unit, Pg required. 

The value of Pg must first be determined from 

( y \i-3B /14\i‘®*» 

j = 14-5 . j-j 

— 511-2 lb. per sq. in. abs. 

P F P 

To find Pa the relationship, - * — -= —^ - » 

i 1 i 2 

which applies since the mass of gas is unchanged. 

••• ^’= = J;-;->-^. = T4^^A^560.14I0°F.abs. 

final temperature - 141 O'" - 460° - - 950° F. 

Properties of steam. Steam is the vapour of water, and when 
pure and dry is invisible. (!Jooling action causes particles of steam 
to condense and form globules of water, and it is the minute con¬ 
densed particles of water which, being suspended in a steam jet, 
make it visible. Steam in this condition is spoken of as wet 
steam. 

Suppose 1 lb. of pure water at 0° C. is enclosed in a cylinder fitted 
with a steam-tight piston of negligible weight. To raise this water 
to boiling point will require about 1 x 1 x 100 = 100 C.H.U. if 
the specific heat is assumed equal to unity. This heat is called 
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sensible heat (see Fig. 29), since the heat supplied causes a rise in 
temperature—in this case 100° C. Owing to the variation of the 
specific heat of water with the temperature the actual sensible heat 
is 100*159 C.H.U., but as the variation is small it is often neglected. 
This figure, it must be remembered, is only correct if the pressure is 
atmospheric. If moie heat is applied to this 1 lb. of water at 100° C. 
the piston will rise, due to the formation of steam, but there is no 
change of temperature until all the water is converted into steam. 
This heat which liquids require to vaporise them is called latent 


PEftlOO A. 

B. 

B1. 

C. 

Water at 0 

Water at 0**C. 

St.am at 100**C. 

Steam 

to Water at 100**C. 

to Steam at 100**C 

Crynese^ PriKtion 

Superheated 

200**C. 



Total Heat 3 Shaded Area 

Fio. 29. Total heat of water steam at atmospheric pressure, 
heat. To turn 1 lb. of water into steam at a pressure of 30 in. of 
mercury requires 539*3 C.H.U. (whereas to change 1 lb. of ice into 
water at 0° requires only 80 C.H.U.). The steam now occupies 
26*79 cu. ft., as compared with 0*016 cu. ft. in the case of water 
(Fig. 29, b). Should the steam contain water particles, less heat 
has been absorbed, and the steam is said to possess a dryness fraction 
of 0-8 if 80^/{^Jb^gg|gj|j|^ is steam and 20% water. Steam is said to 
dry saturated i f it is in contact with the water from which it is 
generatec U^iid its dryness fractionJs unity . The total heat of dry 
saturated steam = sensible heat + latent hea t = nKIT?S9*3 or 6^*3 
C.H.U^ If the dryness f raction is 0* 8^ t he total heat ”oF the wet 
steam (Fig. 29 b1) becomes 100 +0*8 x 539*3 or 531*4 C.H.U. 
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When heat is given to dry saturated steam in a separate vessel at 
constant pressure, the steam is said to be superheated. Taking the 
specific heat of steam as 0*5 an d the temperature being raised to 
^OO^^then 1 xO-5 x 2Q0 ^or 100 C.H.U. will be required. The 
total heat now becomes (Fig. 29,^) 100 + 539*3 +100 or 739*3^ 
The shaded portions of the diagrams in Fig. 29 illustrate 
the relative amounts of heat required under the headings of sensible, 
latent and superheat for steam raised at atmospheric pressure. 

Tlie sum of sensible 4-latent + superheat (if any) for 1 lb. of steam 
produced from water at^0° is called the total heat of stey n, and 
the figure varies with the pressure at which the steam is generated. 
As the pressure is raised it is found that (1) the boiling point is 
raised, (2) the sensible heat required increases, (3) the latent heat 
decreases, (4) the total heat increases, (.7) the specific volume 
in cu. ft. per lb. decreases. These results have been determined after 
careful experiments, and the results have been embodied in Cal- 
lendar’s Steam Tables, p. 100. 

The temperature at which evaporation takes plac*e in a boiler 
depends upon the pressure inside it, and it must be remembered 
that, for a given pressure, saturated steam can only exist at one tempera¬ 
ture. This rigid connection between the] pressure and temperature 
of a vapour in contact with its liquid enables tables or graphs to be 
constructed giving the temperature and corresponding pressure. 

The boiling point of water at a given pressure is called the jura¬ 
tion teiuperature at that pressure, because it is the temperature at 
which saturated steam is produced. Sometimes the boiling point is 
referr^ to as the evaporation temperature. The maximum pressure in 
a boiler at which steam is generated is fixed by the spring or dead 
weight load on the boiler safety valve. In boilers the boiling point 
of the water will be above 100® C., but it will be below this tempera¬ 
ture in de-aerators and condensers, because the pressure is below 
atmospheric. • 

From the foregoing it will be seen that the important properties 
of steam include its pressure and temperature, specific volume, 
sensible heat, latent heat, dryness fraction, superheat and total heat. 
A knowledge of these properties is essential to the steam engine 
designer, the steam user, and to the student studying heat engines. 
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It is important that the following points be realised in making 
calculations of steam quantities. 

(1) The sensible heat at any given pressure, denoted by h and 
sometimes referred to as the total heat of water or as liquid heat, 
should preferably be taken from tables. By assuming the specific 
heat of water is constant and remains unity, the change of sensible 
heat can be calculated approximately by multiplying the mass of 
the water by the change of temperature. A change in sensible heat 
can only be brought about by a change of temperature. The expan* 
sion of the water while receiving sensible heat is neglected in elemen¬ 
tary work. 

(2) The latent heat of vaporisation of steam, denoted by L, is 
always absorbed by the steam at constant temperature when steam 
is being generated from water. Similarly when steam is being con¬ 
densed, this latent heat is given up at constant temperature. Thus, 
since one depends on the other, the pressure and temperature will 
remain constant during the application and rejection of latent heat 
in steam power plants. The actual temperature of boiling depends 
on the degree of purity of the water as well as the pressure upon 
the water surface. As soon as the boiling point is reached, any 
further heat received by the water is absorbed as latent heat, and 
steam begins to be produced. When the steam generated has 
absorbed the maximum latent heat and consequently there is no 
water in suspension, the steam is variously called dry, dry saturated^ 
or sometimes just saturated steam. The student should realise that 
water will not boil so long as its temperature is below that corre¬ 
sponding to the boiling point at that pressure, and more sensible 
heat will be necessary to raise the temperature to that boiling point 
which corresponds to the pressure. 

(3) Superheated steam. When w lb. of dry saturated steam is 
heated at constant pressure in a separate vessel, that is, not in 
contact with its water of generation, its volume increases and 
the steam becomes superheated or supersaturated, absorbing a 
quantity of heat equal to 

wxc„x degree of-superheat, 
where is the specific heat at constant pressure. 
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The degree of superheat is the difference between the temperature 
of steam generation in the boiler and the final temperature in the 
superheater. In every calculation on heat quantities of superheated 
steam, it must be remembered that the specific heat of superheated 
steam varies considerably with the temperature and pressure. Care 
must therefore be taken to obtain the correct mean value for the speci¬ 
fic heat Cp. It is more satisfactory to work from steam tables or steam 
charts if these are available, because with these the variation of 
specific heat has been considered and allowed for. 
s Callendar’s equation, in an approximate form, is very useful for 
determining the specific volume of superheated steam. It is 


F = 


1 -2464 
P 


(//~835), 


where V = volume in cu. ft. per lb., //= total heat in B.Th.U. per lb., 
P - pressure of steam in lb. per sq. m. absolute. 

(4) In finding the total heat H of saturated steam where x is the 
dryness fraction, the value L taken from tables must be multiplied 
by X, Thus H =h+ xL, where 

_ latent heat possessed by 1 lb. of steam 

latent heat of 1 lb. of dry steam at the same pressure 

If the degree of superheat is known the total heat of superheated 
steam may be taken from steam tables when the pressure is also 
known. A graph is a useful device for obtaining intermediate values 
not given in steam tables. Thus if the particular value of sensible 
heat, latent heat, or total heat of any quality of steam is not given 
in the steam tables, the value required can be obtained by inter¬ 
polation from a graph drawn by plotting a number of known points, 
in the neighbourhood of the one required, and drawing a fair curve 
through them. 


Expt. 19. Variation of boiling point with pressure. 

Object. To show that the boiling point of water increases with the 
pressure. 

Apparatus. Arrange a fiask of water with a bored stopper, one 
boring containing a thermometer and the other a bent tube leading, 
as shown in Fig. 30, to a reservoir of mercury. As steam is formed 
the pressure above the water is increased, and this increase of pres- 
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sure may be measured by the ’mer¬ 
cury height above the bottom of 
the tube. 

Method of procedure. Heat 
the water in the flask to a con¬ 
dition of boiling, and then by add¬ 
ing mercury to the reservoir obtain 
a series of results for the boiling 
point with different depths of mer¬ 
cury, that is, different gauge pres¬ 
sures of steam formation. 



Observations. 


Fig. 30. Variation of boiling point. 



Iiicrea.se of piessiire in. of 
mercury - . . 






Temp, of boiling, ® 0. 








Expt 20. Object. To show the connection be- 
tween the pressure and temperature of saturated steam. 
Apparatus. A Marcet boiler can be used for 
this experiment. It is provided with (1) 
a pressure gauge for reading pressures 
^^ above atmospheric, (2) a thermometer 
— pocket containing mercury to ensure 
p good contact with tlie interior of the 
^ boiler, (3) a lever safety valve, (4) a 
tripod for supporting the apparatus, 
(5) a steam cock and connections for con¬ 
ducting other experiments. The cover is 
secured by suitable nuts and bolts to 
make a steam-tight joint. See Fig. 31. 

Method of procedure. First heat 
the boiler, half-filled with water, by 
means of a bunsen burner until the gauge 
jjEeestrfe is about 15 lb. per sq. in., and 
lift the safety valve to allow the air 
above the water to be driven out and 


be replaced by steam. Then allow the 
Fig. 31. Marcet boiler. boiler to cool and the pressure to drop to 
{Messrs, O, Cussons, Ltd,) atmospheric pressure. This ensures as 
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far as possible tho whole apparatus being at the same temperature 
before readings arc taken. Now heat the boiler and tabulate 
values of gauge pressure and temperature up to, say, 120 lb. per 
sq. in., remove the bunsen and, as the apparatus cools, read the 
temperatures corresponding to the pressures previously recorded. 
For pressures and temperatures below atmospheric, a glass U tube 
containing mercury could be connected by rubber tubing to the 
steam (*ock. This connection must be made at the moment when 
steam is issuing freely from the cock and the source of heat has 
just been removed. Then as the apparatus cools, absolute pressures 
can be read by subtracting the difference in mercury levels from 
the height of the mercury barometer. The observations can be 
tabulated under the headings shown. 

Observations. Barometric pressure = 15 lb. per sq. in. 


(Jauge 
pressure, 
lb. per sq. in. 

1 

Absolute 
pressure, 
lb. per sq. m. 

Teniperat ure 
(heating) 

°C. 

Temperature 

(cooling) 

A\ erage 
teinperatiin' 
(heating and 
cooling) 

10 

25 

114 

118 

116 

20 

35 

124 

127 

125*5 

30 

45 

133 

135 

134 

40 

55 

141 

142 

141*5 

50 

05 

146 

148 

147 

f)0 

75 

152 

152 

152 

70 

85 

157 

157 

157 

80 

95 

161 

161 

. 161 

90 

105 

166 

164 

165 

100 

115 

169*5 

168*5 

169 

110 

125 

173 

172 

173 

120 

135 

176 5 

- 

176 5 


Note. The results obtained in this experiment are necessarily 
approximate. Recourse must be made to Standard Steam Tables 
for accurate results. 


Example 1. Jf the pressure inside a boiler is 410 per sq. in, abs., at 
what temperature will the water boil? Jf the temperature falls to 420*4° F., 
what will be the new steam pressure? 

From steam tables, p. 100, saturation temperature at 410 lb. per 
sq. in. is 447*2° F, 

Also pressure corresponding to saturation temperature 420*4° F. is 
420 lb. per sq. in. 
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Example 2. The feed vxiter supplied to a boiler with a working pressure 
of 120 lb, per sq, in, abs, has a temperature of 120° F, What amounts of 
sensible and latent heat must be supplied within the boiler to produce 1 lb, of 
dry steam? At what pressure would the water boil at 120° F,? 

Saturation temperature for 120 lb. per sq. 
ill. --- 341-3 ’ F. from steam tables. 

Sensible lieat (measured above 32° F.) 
from tables is 312-5 B.Th.U. per lb. v 

Sensiblt' heat m<»a.siired above 120^ F. is 
(312-5 - 120 + 32) - 224-5 B.Th.U. pe r lb. 

Assuming the specific heat of water as 
constant and equal to unity, the sen-able heat 
nhovi' 120° F. is, per lb., 

1 > (341 - 120) > 1 ::-221-3 B.Th.U. 

Lat('nt heat n'quin'd per lb. at 120 lb. per 
scj. in. from tables ^881-8 B.Th.U. 

Fig. 32 shows a graph obtained by plot¬ 
ting saturation t('mperatures and pressures. 

From th(' graph it will be* seem that the 
water will boil at 1-68 lb, per sq. in. abs., when 
at 120° F. 

Example 3. If 900 lb. of steam per hour 
enters a coyidenser where the pressure is 1 lb, 
per sq. in. abs.^ determine the temperature in 
the condenser and the atnoimt of latent and lOO 
sensible heat abstracted per hour. The con- Prps.Qiir/f 

densatc or condensexi steam has a temperature fb.per sq.m. abs. 

of 26-4° C, when pumped from the condenser. Graph for Ex. 2. 

The temperature in the conden.ser is that corresponding to a pressure 
of 1 lb. per sq. in., or from tables, 38-73° C. 

N('nsible heat per lb. at 38-73° C\ or temperature of condensation is 
from tables 38-62 G.H.U. 

This is the sensible heat per lb. of steam as condensed. 

Sensible heat in condensate at'26-4° C. (from tables^) = 26-33 C.H.U. 
per lb. 

Sensible heat extracted in condenser = 38-62 - 26-33 C.H.U. per lb. 

= 12-29 C.H.U. per lb. 

Sensible heat extracted per hour=900 x 12*29 C.H.U. 

= 11,061 C.H.U. 



o 


B.B.E.S. 11 
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Latent heat extracted per lb. = latent heat corresponding to 1 lb. 
per sq. in. abs. from tables = //-// —612-46 - 38*62 C.H.U. 

= 573-84 C.H.U. 

Latent heat extracted per hour = 900 a 573-84 C.H.U. 

- 516.456 C.H.U. 


i 4. Find the heat necessary to raise 1 lb, of feed water at 50"' C. 
to dry saturated steam at 350 lb, per sq, in. (absolute). What heat would be 
necessary if the dryness fractioyi were 0-96..? What is the volume of the 
steam in each case ? 

From tables, total heat at 350 lb. per sq. in. =672*8 C.H.U. 

Initial heat above O'^ C. in feed water =50 C.H.U. 

Heat necessary, by difference =622*8 C.H.U. 

Specific volume (from tables) —1*336 cu. ft. per lb. 

For dryness fraction of 0*96, 

total heat = sensible heat -f 0*96 y latent heat 
= 227*8-50 f 0*96 >.445 
= 227-8 - 50 + 427.2 =605 C.H.U. 


Volume of wet steam 

= 0*96 X 1*336 V 

= 1*283 cu. ft. per lb., if volume of water is neglected. 


Example 5. Find the heat necessary to superheat the steam in the last 
question to 350° C. at constant pressure if the specific heat of steam is 0*5vS 
and remains constant. What is then the total heat of the steam ? 

From tables, dry saturated steam at 350 lb. per sq. in. absolute has a 
temp, of 222*1° C. 

Degree of superheat required =350' - 222*1° = 127*9° (\ 

Heat required for 1 lb. = 1 > 0*58 > 127*9 -- 74*2 C.H.U., 

Total heat required per 1 lb. =672*8 + 74*2 = 747 C.H.U. 


Example 6. 1 lb. of steam at 350° C. ami 400 lb. per sq. in. (gauge) is 

cooled in a cylinder until its dryness fraction is 0*75 a7id its pressure 
4SHb. per sq. in. (absolute). What is the final temperature and voluinc of 
the steam ? Assume specific heat of superheated steam as 0*62. How 
much heat has been abstracted from the steayn ? 

From tables, final temp, at 40 lb. per sq. in. = 130*67° C. 

Volume of steam =0-75 x 10*5 =7*875 cu. ft. per lb. 

Temperature of dry saturated steam at 

400 lb. per .sq. in. (gauge) =231-3° C. 

degree of superheat =118*7° C. 



STEAM AND STEAM QUANTITIES 


89 


T<)tal heat of steam initially = 672 jl 5 +0*62 x 118*7 =673*5 +73*59 

=7£M C.H.U. 

Total heat of steam finally = 131*08 + } x 519*87 =521 C.H.U. 
Heat abstracted =:Vr7^T- 521 =2261 C.H.U. per lb. 


Example 7. 20 Ih, of saturated steam at 200 Ih. per sq. in. (absolute) 

atid dry mss fraction 0*9 is blown into a tank containing 500 lb. of water 
at 2y C. Find the final temperature of the water. 

Total lioat of 1 lb. of steam from tables = 197*49 + 0*9 x 471*2 

=^621*6 C.H.U. 

Then neglecting losses and assuming final temp, is C.: 


Heat gained by water heat lost by steam. 
500 x1 i=20K(621*6--^|l 

500^ - 12,56(r - 12,432 - 20f. 


24,932 
520 “ 


= 47*9° C. 


Example 8. (a) Steam is supplied to an engine cylinder of 20 in. dia, 

at I HO lb. per sq. in. abs. What weight of steam will be drawn into the 
vyhnder during a movement of 1 foot of the piston if the dryness fraction 
of the steam is 0 91? 

(b) What weight of superheated steam at the same pressure and 200 
Fahr. digrccs of superheat will be required to fill the same volume? Use 
r 1-2464(H- 835)/P. 

(a) Spe(']tic volume of steam at 180 lb. per sq. in. abs, from tables 

- 2*536 eu. ft. per lb. 

If 97‘\, dry, volume =2*536 > 0*97 - 2*46 cu. ft. per lb. 

Volume in cylinder x 1 - 2*182 cu. ft. 

144 

9.1 

Wt. of steam in cvlinder - “ 1 lb. = 0*887 lb. 

2 4() 

(b) Total heat of supeTheated steam H at 180 lb. per sq. in. abs. with 
200 Fahr. degrees of superheat from Callendar’s abridged Steam Tables 

= 1313*2 B.Th.U. per lb. 

P= 180 lb. per sq. in. 

F= 1*2464(1313*2 - 835)/180 
= 1*2464 X 478*2/180= 3*31 cu. ft. per lb. 

2*182 

Wt. of steam in cylinder = - - p > 1 =0*659 lb. 
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Example 9. In an experiment to estimate approximately the dryness 
fraction of steam, steam was blown into a known weight of water in a copper 
calorimeter. The following observations were made^: 

Wt. of copper calorimeter — 95-4 gm. Temp, of cold water = 15° C. 

Wt, of calorimeter + water = 296*4 gm. 

Temp, of boiler steam —C, ^ 

Wt, of calorimeter + water + condensed steam — 306*7 gm. 

Pressure of boiler steam — 400 lb, per sq, in, abs. 

Specific heat of copper = 0*095. 

Final temp, of water = 44*8° C, 

Assume that there are no heat losses. 


Water value or water equivalent of calorimeter 

= 0*095 x95*4 =9*06^. 

Wt. of cold water in calorimeter = 296*4 - 95*4 = 201 gm. 

Equivalent wt. of water = 201 + 9*06 = 210*06 gm. 

Wt. of steam condensed = 306*7 - 290*4 = 10*3 gm. 

Then ^ihe heat lost by 10*3 gm. of steam above a datum of 44*8° V. 
will equal the heat gained by 210*06 gm. of water in being raised from 
15° C. to 44*8° C. 


Heat gained by water = 210*06 x (44*8 - 15) = 6259 gram calori(\s. 

6259 

/. heat lost by 1 gm. of steam = - = 607 *7 gram calories. 

10*0 

Thus the steam in the boiler possesses 607*7 gram calories per gm. 
above 44*8° C. Measured above 0° C. the heat content of the st(*ain 
would be 607*7 + 44*8 nearly - 652*5 gram calories. 

From tables, heat in 1 lb. of dry Kt(*am at 400 lb, per sq. in, a}>s* 

= 673*4 C.H.U. 

total heat in 1 gm. of dry steam = 673*4 gram calories. 

Thus the boiler steam has a shortage of 673*4 - 652*5 or 20*9 gram 
calories as compared with dry saturated steam. 

Latent heat of wet boiler steam = latent heat of dry steam — 20*9 

= 437*5-20*9 = 416*6, 

the units being gram calories per gm. in each case. 

/. the dryness fraction of the bpiler steam 


416*6 

437*5 


X 100 = 95*2%. 
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Expt. 21, which follows, describes a method of determining the 
dryness fraction of steam by mechanically separating the water 
particles from<the steam. This is most effectively carried out by 
fitting vanes within the separating calorimeter, so that the steam is 
given a whirling or spiral motion whereby the water particles are 
filing by centrifugal force against the sides of the vessel, whence 
they drain and can be weighed. 

In Expt. 22 the dryness fraction is determined by a throttling 
calorimeter in which the steam is allowed to expand without doing 
external work by escaping through a small aperture. The internal 
energy of the steam thus remains constant, but as the pressure has 
fallen the total heat necessary for dry steam also has fallen, and 
the excess heat possessed by the steam goes to evaporating its 
moisture and to superheating the steam. 

Where a throttling calorimeter is used without a separating 
calorimeter, an estimate of the dryness fraction can only be made 
if the c ondition of the steam after throttling is either saturated or 
sujierheated. For this reason a throttling calorimeter is only 
effective with steam having a dryness fraction of over 0*93. 

Expt. 23 deals with an experimental method of ascertaining some 
of the properties of superheated steam. 

Expt. 21. The separating calorimeter. 

Object. To find the dryness fraction of steam, using a separating 
calorimeter only. 

Apparatus. Fig. 33 shows a diagram of a separating calori¬ 
meter, often fitted with vanes to give the steam a whirling motion, 
in whic*h steam is admitted through a stop valve to an interna^, 
short tube contained in an outer casing or separating chamber. The 
water in suspension falls into the base of this chamber, and can be 
drawn off through the water tap. Its level is shown by the watOT 
gauge glass attached to the wall of the separating chamber. The 
steam leaves the separating chamber, and is carried to a coil con¬ 
denser of sufficient area to condense completely the steaih supply to 
the calorimeter. 

Method of procedure. Pass steam through the calorimeter 
until the temperature of the separating chamber has reached t^iat 
of the steam. Thoroughly drain this chamber, and allow a passage 
of steam for some time into a weighed quantity of water surround- 
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ing the condenser. This steam will then give up its moisture in the 
separating chamber, and the total amount of supply steam will be 
the weight of condensed steam in the condenser together with the 



Fio. 33. Separating calorimeter. 


water trapped in the separating chamber. Obtain the weight of the 
condensate by finding the weight added to that of the cooling water. 
Drain off the trapped moisture and weigh this, then if 

W = weight of cooling water, 

= weight of cooling water + condensate', 

Wj -W = weight of condensate, 

W 2 ^weight of trapped water, 

IFg + (TFi - IF) =)veight of wet steam supplied. 


Dryness fraction 


weight of steam supplied - weight of moisture 
weight of steam supplied 


W^ + (W^-W)-W^ 

IF2 + (IFi-IF) 


Wi - W weight of condensate 

- or - - -- 

Wj + (Wj - W) weight of steam supplied 
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Expt. 22. The throttling calorimeter. 

Object. To determine the dryness fraction of steam when this 
steam is not less than 93% dry, 

Appakatus. For the purpose of this experiment a throttling 
calorimeter (Fig. 34) is employed. The steam is admitted through 
a large number of holes in a supply pipe A, and is throttled by pass¬ 
ing it through the narrow aperture or opening of the screw down 
valve B. This produces a fall of pressure when the steam is allowed 
to expand into the chamber C, in consequence of which heat is given 



up to form dry saturated or superheated steam in C. Note .—This 
is only applicable when the dryness firaction of the supply steebn exceeds 
otherv'ise dry saturated steam would not be obtained. The 
j)ressure of the supply steam is measured by a pressure gauge on 
the supply aide of the inlet A, and the temperature and pressure of 
the steam in C by the thermometer D and manometer E. 

METHfnj OF PROCEDURE. Steam is passed through the throttling 
valve into C and the temperatures and pressures before and after 
throttling noted. heat given up by the pre-throttled steam 

is equal to the tot^^Bj^f saturation and superheat after thrott¬ 
ling. From this hea^^P^^n the dryness fraction of the stftam 
before throttling can beaeOTced. 
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Observations and derived results. 

Supply; 

Pressure of steam in pipe = 90 lb. per sq. in absolute. 
Barometer reading =30*53 in. of mercury. 

After throttling : 

Temperature of steam =119® C. 

Pressure of steam gauge =6*2 in. of mercury. 

Pressure of steam absolute =30*53 +6*2 =36*73 in. 

= 36*73 X 0*49 = 18 lb. per sq. in. 
Heat quantities (from steam tables) : 

Latent heat per lb. at 90 lb. per sq. in. =498*9 C.H.U. 

Sensible heat per lb. at 90 lb. per sq. in. = 161*4 C.H.U. 
Temperature of saturation at 18 lb. per sq. in. = 105*79° C. 
Degree of superheat = 119 -105*79 = 13*21° C. 

Total heat of superheated steam at 18 lb. per sq. in. and 
13*21° C. of superheat = 648 C.H.U. (from tables). 

Then if a; be the dryness fraction at supply, 
arx 498*9+161*4 =648, 


486;6 

498*9 


0*976, 


that is, 


97*6% dry. 


Expt. 23. Superheated steam. 

Objects, (a) To find the temperature of superheated steam at a 
certain pressure. 

(b) To find the total heat of superheated steam. 

(c) Assuming a value for the total heat of superheated steam at a 
given pressure, to calculate the specific heat of steam at consta)d 
pressure. 

Apparatus. This consists of a steel drum fitted with a fine and 
gas burner as shown in Fig. 35. Inside the drum is several turns 
of sohd drawn copper tubing, which forms the superheater unit. 
The burner gases are directed by baffles to serve the whole of the 
superheater unit. The inlet side of the superheater is taken out, 
fitted with a pressure gauge, thermometer and pocket, and lagged 
to the boiler supply, provision being made foj connecting a throttling 
calorimeter between the boiler and the The outlet side is 

similarly lagged and fitted with (a) a pressure gauge, (6) a thermo¬ 
meter and pocket, (c) a two-way steam cock. After the cock a 
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union is fitted to connect the superheater unit to a coil of copper 
tubing, which serves as a condenser unit This is carried into a 
copper calorimeter in a lagged container, fitted with an ebonite lid 
with stirrer and thermometer gland. 

Method of Procedure. 

(a) The two-way cock is set to allow the steam passing through 
the superheater to exhaust into the atmosphere. Then the gas 
burner is lit and the steam allowed to superheat at constant pressure. 



The condition of constant pressure is verified by readings of the 
inlet and outlet pressure gauges. The temperatures at inlet and 
outlet are then noted, and particular care is taken to see that the 
two-way cock is adjusted to allow the temperature at outlet to be 
above saturation temperature at this pressure, that is, to provide 
that the steam shall be superheated. Then the temperature of out¬ 
let is the temperature of superheated steam at the pressure indi¬ 
cated on the outlet pressure gauge. 

(6) For this portion of the experiment the condition of the steam 
at entry can be taken by a throttling calorimeter, and a heat balance 
obtain^ with its condition at outlet and the heat given in the 
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superheater. This will convince the student that the steam is both 
dried and superheated in the superheater unit. Next remove the 
condenser coil at the unit and weigh it with the copper calorimeter. 
Obtain the water equivalent of this condenser unit by multiplying 
the weight of coil and calorimeter by the specific heat of copper. 
Three-quarter fill the calorimeter with water, and obtain the weight 
of water by weighing the calorimeter coil and water together. Fit 
the ebonite lid, stirrer and thermometer, and connect the condenser 
to the superheater unit. Light the gas burner and open the two- 
way cock to the atmosphere, thus allowing superheated steam to 
pass througli the whole of 4he system except the condenser until 
the pressure gauges and thermometers give a steady reading. Next 
close the two-way cock to the atmosphere and pass the superheated 
steam into the condenser, stirring in the process, until a rise of 
temperature of about 20° C. occurs in the condenser water, (/lose 
the cock to the condenser and open to atmosphere, at the same time 
shutting off the gas supply. From the results calculate the total 
heat of the superheated steam by the method shown in the derived 
results. 

(c) Use steam tables to find the total heat of steam at the tempera¬ 
ture and pressure of outlet. From these results and the observations 
in section (6), calculate the specific heat of steam at constant 
pressure. 

Observations and derived results. 

(а) Pressure of steam at outlet lb. per sq. in. gauge 

= P-f 14-7 lb. per sq. in. absolute. 

Temperature of steam at outlet C. 

Temperature of saturation at P +14*7 lb. per sq. in. absolute 
= C. 

Temperature of superheat =1 V. 

(б) Weight of condenser unit ^ W lb. 

Weight of condenser unit -f water = lb. 

Weight of water = - [F lb. 

Water equivalent of condenser unit =0*095IF lb. 

Temperature of outlet steam = T° 0. 

Initial temperature of water in condenser = P C. 

Final temperature of water in condenser = t^° C. 

Weight of condenser unit + water + condensed steam = IFg lb. 

Weight of condensed steam = PFg - Wi Ib. 
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Heat given up by steam 

= heat given to condenser unit and water 
= (Pf 1 - PT) (^1 - 0 + 0*095 Pf - 0 
= (Pfi-PP^+0*095Pf)(/i~f) C.H.U., 

and this is given up by W 2 - PP^ lb. of steam. 

Heat possessed by W 2 - lb. of steam after condensation 

= (PF 2 - PP"i)/i C.H.U., or C.H.U. per lb. 

Total heat of 1 lb. of superheated steam 


(Wj - W +0 095W)(ti -1) 
^ W 2 -W, 


+ tj C.H.U* 


(c) If C. is the temperature of the outlet steam at P lb. per 
sq. in. absolute, then from steam tables ; 

Total heat of superheat -H (\H.U. 

Total heat of .saturation C.H.U. 

Let S be the specific heat of steam and be the temperature of 
.saturation at P lb. per sq. in. absolute. 

Then H = + (T - t,)S in C.H.U. 


From section (6), H = 


(]\\ - PP^ + 0*095 PP^) 


W2-U\ 

(PP^i-PF+0-095]r)(/i-0 


\V2 - IFi 

Hence S can be calculated. 


+ ti 

+ + (T -tg)S. 


Measurement of high temperature. A pyrometer is an instrument 
for measuring high temperatures. The pressure gauge pyrometer is a 
simple and etficient tyjK*. Its action depends upon the fact that, 
when a liquid is in contact with its vapour in a closed vessel, the 
temperature of the vapour will always be the same for any given 
pressure. Therefore if the pressure is recorded, then the tem])era- 
ture can be found. If the range of pressures and corresponding 
temperatures are known for a liquid, then this liquid can be used as 
a working sub.stance for the p^Tometer. For example, if water 
were used, the data from steam tables would permit the dial of the 
})ressure gauge to be marked in temperatures as well as pressure.s 
The essential parts of this form of pyrometer consist of a metal 
cylinder or bulb containing the working substance, connected by 
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metal tubing to a Bourdon gauge calibrated to read temperatures 
directly. The bulb of the pyrometer can be inserted in the steam 
pipe, exhaust pipe or flue of a boiler, and the vapour pressure set up 
within the instrument by the rise in temperature operates the gauge, 
and the temperature can be read. Water instruments have a range 
from 212° F. to 700° F., while mercury instruments can record 
temperatures up to 1400° F". 

Electrical instruments depending upon the alteration of resistance 
with rise of temperature are also widely used for recording high 
temperatures. These instruments provide a most reliable and 
accurate way for direct reading in Fahrenheit or Centigrade, or for 
a continuous permanent record which can be made on a paper- 
covered drum. 

Thermo-electric pyrometers employ the principle that when two 
pieces of dissimilar metals are joined at their ends and the joints 
kept at different temperatures a difference of potential is produced 
between the junctions, and an electric current will pass. The 
magnitude of the current depends upon the difference of tempera¬ 
ture existing between the junctions, and can be easily measured. 

High temperatures can also be measured by the change of colour 
of a heated body from red to white with rise of temperature, and 
by the great increase of brilliancy which is known to accompany the 
change. Instruments employing this principle are called optical 
or photometric pyrometers, as they possess means of measuring the 
intensity of light emitted. Men long accustomed to furnace control 
work (*an estimate furnace temperatures, merely by sight, to a 
surprising degree of accuracy. 

The experiment which follows illustrates a very approximate 
method of determining high temperatures by the method of 
mixtures. If the mean specific heat of the metal over the range of 
temperature involved is accurately known, there is some justifica¬ 
tion for the employment of the method, and it serves in a general 
way to determine an approximate value for the temperature. 

Expt. 24. 

Object. To find the mean temperature of the exhaust gases of an 
internal combustion engine employing the method of mixtures. 
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Apparatus. A block of copper, calorimeter, thermometer, 
balance and weights. 

Method of Procedure. Some difficulty is experienced in deter¬ 
mining the temperature of the exhaust in an internal combustion 
engine, or the temperature of a furnace, without the use of an 
expensive pyrometer. The method of the experiment will give an 
approximate temperature under mean conditions. Insert the 
copper block* in the exhaust and allow it to remain long enough for 
its temperature to become equal to that of the exhaust. Remove 
the block and quickly transfer to a calorimeter of water of known 
weight and temperature, stir and note the temperature of the water. 
Then if the weight of the copper block is known and the specific 
heat of copper is either known or is determined, the heat lost by 
the copper will be equal to the heat gained by the calorimeter and 
the water. Thus the temperature of the copper before transfer to 
the water, that is, the temperature of the exhaust, can be deduced. 

Observations. 


Weight of copper block 

= 0-25 lb. 

Weight of caiorimeter 

=015 lb. 

Weight of water 

=0-8 lb. 

Specific heat of copper 

= 009. 

Initial temperature of water 

= 60“ F. 

Final temperature of water 

= 73“ F. 

Rise of temperature 

= 13“ F. 


Derived results. 

Heat given to calorimeter and mater is equal to the heat lost by the 
copper. 

Water equivalent of calorimeter =0-15 x0 09 =0-0135 lb. 

Total equivalent weight of water =0*0135 +0*8 =0-8135 lb. 

Heat given to water = 0*8135 x 13 B.Th.U. 

Let T be the temperature of exhaust in ° F. 

Heat lost by copper =0*09 x 0*25 x (T - 73) B.Th.U. 

0-8135 X 13 =0-09 x 0-25(T ~ 73), 

or heat gained by water and calorimeter = heat lost by copper; 
10*5755 =00225T -1-6425, 

0-0225!r = 12-218, 

' T=543° F. 

Temperature of exhaust =543^ F. 
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Properties of Saturated Steam.* 


Abbolute 

Temp , 
°F. 

Volume 
of 1 lb of 

Total 
heat of 

Latent 

heat, 

B Th.U. 

Total 
lM*at of 

Total 
heat of 

Total 
heat of 

Temp , 

lb 111/ 

dry steam 

lutuid. 

di> steam 

liquid, 

steam, 

"C. 


incu ft. 

B.Th U 

B Th.U. 


C.H.U.v^ 


()•:> 

79-5 

640-5 

47-4 

1044-7 

1092-1 

26-33 

606-73 

26-40 

1 

101-7 

333-1 

69-5 

1032-9 

1102-4 

38-62 

612-46 

38-73 

3 

141-5 

118-6 

109-3 

1011-3 

1120-6 

60-70 

622-53 

60-83 

4 

153 

90-54 

120-8 

H)04-9 

1125 7 

67:10 

625-38 

67-2,3 

44 

156-9 

82-8 

124-7 

l(K)2-7 

1127-4 i 

69-28 

626-34 

69-40 

4-6 

158-8 

79-42 

126-6 

1001-ft 

1128-2 

70-31 

626-79 

70-43 

4-8 

160-6 

76-31 

128 3 

1000-7 

1129-0 

71-30 

627-22 

71-42 

14-680 

212 

26-79 

180 

970-7 

11,50-7 

100-00 

639-30 

100-00 

20 

228 

20-08 

1961 

961 

1157-1 

108-95 

642-82 

108-87 

22 

233-1 

18 37 

201-3 

957-8 

11,59-1 

111-83 

643-92 1 

111-71 

30 

250-3 

13-72 

218-8 

946-7 

116,5-5 

121-5 

647-5 

121-3 

."lO 

280 9 

8-5 

2,50 

926 3 

1176 3 

138 9 

653-.5 

138*3 

80 

311-9 

5-466 

281-9 

904 2 

1186-1 

1,56-6 

658 9 

155-5 

J-’O 

341-3 

3 727 

312 5 

881-8 

1194-3 

173-6 

66.3-5 

171-8 

JoO 

358 4 

3 016 

330-6 

867-9 

1198-5 

183-7 

665-8 

181 .3 

J80 

373 1 

2 536 

346-1_ 

8.55-6 

1201-7 

192-3 

667-6_ 

I89-.5 

200 

381-8 

2-293 

35.5 .5 

848 

1203-5 

197-5 

668 6 

194 .3 

jh w 


- 2:140 ■ 

- 


J 204-8 

201-1_ 

669-3 

197 7 

~220 

389 9 

__i^093 

364 2 

840 

1205-1 

202-3 

669-5 

198-8 

J40 

397-4 

1-926 

372 4 

834 

1206-4 

206-Jl' 

670 2 

203 0 

260 

404 5 ' 

1 ^ 

380 1 

827-4 

1207-5 

21M_ 

670 8 

206 9 

270 

[ 407-9 

1 719 

.383 7 

824 3 

1208 

213-1 

671-1 

208-8 

300 

417-4 

1-.5.52 

394-2 

815 2 

J 209-4 

21^-0_ 

671-9 ’ 

214-1 

310 

420-4 

1-.504 

.397-5 

812 3 

1209-8 

2^-8_ 

672-1 

21.5-8 

J20 

423-4_ 

_ 1-458 

4(M)-8 

_809-4 

1210 2 

222-6 

672-3 

2174 _ 

330 _ 

_426-3_ 

1-415 

404-0 

806-.5 

1210-5 

~224-4 

226-i<r 

672-5 ‘ 

219-0 - ■ 

J40 y 

r 429-1 

/ i-374 

407 1 

_iJ03-7 

1210-8 

! 672-7 

220-6 

_400 / 

44 P7 j 

^>17? 

424-6 

_787/^ 

1212-1 

J35 9 " 

673-4 _ 

22tb3 

_410^ 

_447-2^ 

_ 1-144 

427 3 


1212 3 

J37-4_ 

J)73-,5_ 

2.30-6 

^20 

449 5 " 

_M]8 

430 

782-4 

1212-4" 

238-9 

673-6 

231-9 

480 

462-9 

0-979 

445-3 

_ 767-8 

121.3-] 

247-4' 

07.3-9 _ 

239-4 

.500 

_467d_ 

__0-940 

4.50-1~ 

763-1 

121,3-2 

2,50-0 

674-0 

24l'-7_ 

1000 

.544-7 

0-458 

544-1 

660-2 

1204-3 

302-8' 

669-1“ 

287-1 


*K\tracted with pormission from “Abridged Callondar Steam Tables* 
published by Messrs. Edward Arnold & Co. 





EXERCISES 101 

EXERCISES ON CHAPTER II 

The heat engine and the properties of working substances. Gas laws. 

1. Wiiat is tli(^ function of a heat engine? 

Explain briefly why gases and vapours form better working sub¬ 
stances for heat engintjs than liquids and solids. 

2. State Boyle’s law, and describe how you would verify it by 
t'xp(*rim(.‘nt. 

() cu. ft. of air are compressed very slowly from 14-5 lb. per sq. in. 
absolute to 100 lb. per sq. in. absolute. What is the final volume of 
th(‘ air? 

-^4. Steam is admitted to the cylinder of a locomotive and has a 
pressure of 180 lb. per s(j. in. absolitw*. If the steam supply is cut off 
when the volumt? is one-fifth of its final volume, calculate the final 
pn*ssure, assuming hyperbolic exj)ansion or expansion according to 
Jloyl(‘’s law. 

5. The delivery valve of a gas reservoir of capacity 1000 cu. ft. 
o{)(*ns when the inU'rnal pressurt* is 100 lb. pcT sq. in. abs. What 
voluiiK' of gas must be pumped in at N.T.P. to fill the reservoir 
eompI('t('ly ? Assume the ttanperature remains constant. 

j of a cubic foot of steam at 220 ll'>. i)er sep in. expands isotherm- 
ally to a volume of | of a cubic foot. Wliat is its final pressure ? Wliat 
law is involved in obtaining the solution to this question ? 

What volume of compressed air at 2500 lb. per sq. in. (gauge) 
must bo used to blow sea water from a ballast tank of a submarine if 
the latter is at a depth of 180 ft. Capacity of tank, 000 cu. ft. Assume 
there is no change of temperature. Sea watcT wi'iglis 64 lb. per cu. ft. 

8. Stat(' Charles’ laws, and describe an exj)eriinent to verify one of 
them. 

9. What do you und(*rstand by the terms ubsoluie pressure and 
absolute temperature? Express a gauge pressure of 63 lb. per sq. in. as 
4u;i absolute ^ressimj and temperatures of 38^^ C. and 230"^ F. as absolute 
temperatures. 

vyio. If the pressim' on a gas remains constant and its initial volume 
and tempcTaturo are 40 cu. ft. and 15"^ C. respectively, what will its 
final temperature bo if the volume has increased to 60 cu. ft., and its 
final volume if the tempcTature has increiiscHi to 303° C.? 

11. A quantity of acetylene gas in a cylinder has an ab.solute pr(\s- 
sure of 20 atmosphen's and a temperature of 15° C. If the temperature 
were accidentally raised to 691° C., estimate the gas pressuiX3 reached 
in lb. per sq. in. Ignore the expansion of the cylinder. 

12. 40 cu. ft. of hydrogen at 400° C. is nHiuced in volume at constant 
atmospheric pressure so as to occupy 18 cu, ft. Find the final tempera¬ 
ture. 
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13. Find tlie initial temperature of some gas which is heated at 
constant pressure to 627^ C. to three times its original volume. 

14. Explain th(^ combined law which connects, for the different states 
of any given mass of gas, the absolute pressure, volume and absolute' 
temperaturt'. 

A given mass of gas occupies 10 cu. ft. at 0° C. and 1 Ib. per sq. in. 
gauge. What volume would it have if the tempcTature were raised to 
50'^ C. and its pressure to 171 lb. per sq. in. gauge? 

15. The gases in the cylinder of an engine expand to six times their 
original volume. Tf the initial pressure is 450 lb. per s(|. in. and the 
tinal 20 lb. per sq. in. and the exhaust temperature 800° E., what is the 
initial temperature ? 

16. Forty cubic feet of air at atmospheric pressure (14-7 lb. per 

sq. in.) and at a temperature of 10° C. are compressed into a vessel 
having a capacity of 8*7 cu. ft., and the temperature immediately after 
compression is 105° C\ Determine the resulting pressure, and also the 
pressure drop when the temiJerature has fallen to its original tempera¬ 
ture of 10' C. (U.L.CM.) 

17. What is mt'ant by normal temperature and pressure*i At 60° F. 
and pressure I lb. per sq. in. gauge' a (quantity of coal gas occupies 
10 cu. ft. What volume does it occiij)y at N.T.P.? 

v/l8. Oxygen at a pressure of 15 lb. per sq. in. abs. and temperature 
14' C. is compre'ssed into a cylinder of 1 cn. ft. capacity to a pre'ssure of 
400 lb. per sq. in. abs. After compression the tc'inperatun' of the gas 
rose to 75° C. Find the volume of the oxygen in its original state'. Also 
find the final pre'ssure and the eight of oxygen iii the e*ylinde'r after it 
has cooled to 15° C. li for oxygen- 89-6 ft. lb. pe'r lb. per Ce'n. de'gi*('e. 

19. An engine consumes 3*6 cu. ft. e)f gas pc'r min. me'asureel at a 
temperature of 17° and gauge pre'ssure of 5 in. of wate^r anel bareane'te^r 
reading of 29-8 in. Finel the calorific value of the gas pe'r cu. ft. as use'd 
if, at N.T.P., its calorific value is 490 B.Th.U. per cu. ft. 

20. The characteristic constant R for ethyk'ne is 64-6 ft. lb. per lb. 
per Fahr. degree. Calculate the spcH?ific volume e)f ethylene, (u) at 
N.T.P., and (6) at 100 lb. per .sq. in. abs. and 120° F. 

21. The capacity of an air compres.sor is 1800 cu. ft. per min. at 
60° F. and 14-7 lb. per sep in. abs. Finel the weight of air dealt with 
per minute. R — 53*2 ft. lb. per lb. per Fahr. degree. 

22. What is the characteristic equation of a gas? 

6 cu. ft. of methane at N.T.P. is compressed to occupy 1J cu. ft. at 
a pressure of 80 lb. per sq. in. gauge. Calculate the final temperature 
of the methane. 

23. Find the weight of the gas mentioned in Question 22 if for 
methane = 0'591 and y = cjc^= 1-313. 
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24. In a gas engine the temperature and presHure of tiie chaise at 
the end of compression are 180° C. and 60 lb. per sq. in. abs. respectively. 
Heat is then supplied at constant volume by allowing the charge to 
exi)iode instantaneously when the pressure reaches 310 lb. per sq. in. 
abs. What is the final temperature? 

25. What is the amount of heat taken in by the charge per lb. at 
constant volume in Question 24 if is 017? 

26. What is the characteristic constant for a gas and in what units, 
is it usually expre^ssod ? 

Find the characteristic constant for carbon monoxide if 2 cu. ft. at 
14 C. and 300 lb. per sq. in. abs. weighs 3*107 lb. 

27. Cp for chlorine is 0*116 and y-c^/c^= 1*34, calculate the value 
of the cliaracteristic constant B. Vina the weight of 10 cu. ft. of 
chlorine if its temperature is 16° C. and pressure 300 lb. per sq. in. abs. 

28. At the end of its stroke a piston w’orking in a cylinder has com- 
])ressed some air into a space of volumt‘ 250 cu. in. Fuel is then injected 
into this compressed air and fired, and the piston is pushed forward a 
di'>tance of 20 in. What is the compression ratio of this engine? Dia. 
of cylinder — 15 in. 

29. If a quantity of gas exjmnds according to the law PV^ — K. 
sk(‘tc}i a few expansion curves to illustrate how P varies with V for a 
few values of n. Find the amount of work done when n = 0, the effective 
jiressim* 100 lb. per sq. in., and the volume changes from 1 cu. ft. to 
6 cu. ft. 

30. If the mean effective pressure acting on the piston of an engine is 
9(» lb. per sep in., while the volume of the expanding gas changes from 

cu. ft. to 7 cu. ft., calculate the work done. 

31. Explain briefly what adiabatic expansion means, and how it 
diffei-s from isothermal expansion. In which tyjie of expansion is more 
work done? 

32. If 4 cu. ft. of gas at 200 lb. per sq. in. abs. expands according to 

the law —/v, determine the final pressure when the volume has 

b('Com(* 10 cu. ft. What would the final pressure have been if the 
expansion had been isothermal ? 

33. If a compressor changes the state of 2000 cu. ft. of air per min* 
from 15^ C. ancl 14*7 lb. per sq. in. abs. to a pressure of 120 lb. per sq. in^ 
abs. according to the law PV^^ — K, what is the final volume? What 
would th(' final volumes be for adiabatic and isothermal compression? 
y= 1*4. What is the ratio of compression? 

34. 2 cu. ft. of ammonia is compressed adiabatically from a pressure 
of 15 lb. per sq. in. abs. to a pressure of 400 lb. per sq. in. What is its 
final volume? If the final volume had been 10 cu. ft., what would the 
final pressure have been? y for ammonia = 1*336. 

H 
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35. 1J cu. ft. of gas at 300 lb. per sq. in. abs. at 1300° F. expands 
until it has a volume of 6 cu. ft. according to the law PF^‘* = iv. Find 
the final pi’essure and temperature of the gas. 

36. Calculate the final volume and temperature and the ratio of 
■expansion when cu. ft. of gas initially at 320 lb. per sq. in. abs. and 
000° C. expands until its final pressure is 45 lb. per sq. in. abs. according 
to the law PF^ ®® = A”. 

37. In Question 36, if the (‘xpansioii had been adiabatic, calculate the 
final volume and temperature. 1*4. 

38. Enumerate the chief properties of gases, including the quanti¬ 
tative types of properties, which the engineer (‘m])loys. 

Steam quantities. 

39. Using water-steam tables, find the saturation Centigrade tempera¬ 
tures corresponding to pressures of 395*3 lb. per s(p in. gauge and 180 lb. 
per sq. in. absolute. 

40. What are the saturation steam pressures ct)rresponding to Ixhling 
points at 67*23° C., 197*7° C., and 287*1° C.? 

41. Feed water at 100° F. is supplied to a boili^r of working pressure 
240 lb. per sq. in. abs. Find the amounts of st'usible and latent heats 
to bo supplied per lb. of dry steam geiKTatcsl. 

42. Describe an experiment to sliow how the pressure on the surface 
of water affects its boiling point. 

43. The total heat of dry saturated steam ])(‘r lb. at 600 lb. ])er sq. in. 
abs. is 673*8 C.H.U., whil(‘ the sensible or li(|uid heat is 262*5 C.H.U. 
What is the latent heat in C.H.U. and B.Th.U. i:)er lb. at this pr(‘ssure? 
Also what is the total heat of wet steam at this pressure if tla* dryness 
fraction is 0*95? 

44. Assuming hyperbolic expansion and a latio of expansion of 6, 
•draw the expansion curve of 1 lb. of wet steam initially at 220 lb. per 
s(p in. abs. and 95*6^o dry. What is the* final volume? 

45. By means of a multiple axes graph determine from the following 
tabulated values (a) the saturation temperature, (6) th(‘ s])eeific volume, 
and (c) the total heat of dry steam at 316 lb. per s(]. in. abs. 


Pressure lb. p(‘r sq. 


in. abs. 

290 

300 

310 

320 

330 

340 

Saturation tempera¬ 
ture ° F. - 

414*3 

417*4 

420-4 

423-4 

426-3 

429-1 

Specific volume in 

cu. ft. per lb. 

1*604 

1-5.52 

1*504 

1*458 

1*415 

1-374 

Total heat 

B.Th.U./lb. 

1209*0 

1209*4 

1209-8 

1210-2 

1210*5 

1210*8 


46. Find the total heat of dry saturated steam at 300 lb. per sq. in. 
^absolute) in B.Th.U. and C.H.U. 



exebcmeb 


W5 


47. The data given below are taken from a steam table. Complete 
the table, and then calculate the amount of heat required to convert 
completely 20 lb. of water at 52-27® C. to dry saturated steam at a 
pressure of 150 lb. per sq. in. absolute. 


Pressure 
(Ib per&q. In.) 

2 

150 

250 


Temp. 

52-27 
181-31 
205* 1 


Total heat of liquid 
(C.H.U.) 


183-59 

209-07 


Latent heat Total heat of steam 
((\H.U.) (C.H.U.) 

566-51 618-67 

— 666-49 


463-01 


(U.L.C.I.) 


48. Explain the meaning of “ sensible ” and 
.saturated steam. 


“ total ” heat of dry 


Determine the number of heat units required to generate 3000 lb. ^ 
dry saturated steam at an absolute pressure of 200 lb. per sq. in. from 
^^ater at 80° C. 

Temp, of steam at 200 lb. per sq. in. is 194-4° C. Sensible heat! 
197-5 C.H.U. per Ib. Tota,l heat 669-7 C.H.U. per lb. (U.L.C.I.) 


49. Sketch in outline and <lescribe how you would use the ^parat^ 
for the fletermination of the temperature of saturated atianx^ ai variotis 
pressures. (U.L.C.I.) 


50. Steam is supplied to a turbine at 400 lb. per sq. in. (abs.) and 
superheated to 725' F. What is its total heat per lb. ? After passing 
through several stages the pressure drops to 35 lb. per sq. in. (abs.). 
Assuming the steam is still dry, calculate the heat drop per lb. Use 
tables, and take the specific heat of the superheated steam as 0-6. 

51. The boiler of an electricity works evaporates 7-81 lb. of water 

for every lb. of fuel firecl. The water is raised in temperature from 
SO C. to 414° C. at a pressure of 300 lb. per sq. in. abs. Calculate 
(using tables) the heat imparted to the steam i:)er lb. of fuel. If the 
calorific value of the coal is 6365 C.H.U., what is the efficiency of the 
transfer of energy ? - 0-563. 

52. A Thoriiycroft boiler generated 13 lb. of dry saturated steam at 
240 lb. ])er sq. in. (abs.) per lb. of oil fuel from feed water at 46° F. 
What is the heat gamed by the water per lb. of fuel in B.Th.U. and also 
in C\H.U. ? 


53. What do you understand by the “ dr^Tless fraction ” of wet 
steam ? How much steam, at 200 lb. per scj. in. (gauge) and drjmess 
fraction 0-8, must be blown into J ton of water at 0° C. to raise its 
feinperaturo to boiling point ? 

54. Compare the performances of two boilers, one of which raises 
13 J lb. of water from feed temperature of 70° F. to dry saturated steam 
at 200 lb. per sq. in., while the other raises IH lb. of water from 45 F. 
to dry saturated steam at 250 lb. per sq. in. The weights of water are 
per lb. of oil fuel in each case, and the pressures are absolute prossiires. 
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55. 8700 ib. of steam per hour at 22 lb. per sq. in. (absolute) and 
dryness fraction 0-9 is tapped off, or bled, from a turbine to heat boiler 
feed water. What weight of feed water could be raised from 100^ F. 
to 200^ F. ? 

56. Find the increase in specific volume from wet steam of dr 5 mess 
fraction 0-96 at 400 lb. por^q. in. abs. to steam at the same pressure 
With 400° F. of superheat. V = 1*2464(H - 835)/P. 

57. Superheated steam at WO lb. per sq. in. abs, and 400° of super¬ 
heat has a total heat of 1475*6 B.Th.U. per lb., while its total heat of 
saturation at this pressure is 1204*3 B.Th.U. per lb. Calculate the 
mean value of for superheated steam for this pressure for the range 
of superheat specified. 

0 58. Using the following values taken from Callendar’s Abridged Steam 
Tables, plot a graph and determine from it the total heat of superheated 
steam at 500 lb. per sq. in. abs. with 108° of superl]ieat. 

Degrees Centigrade of super¬ 
heat .... 80 90 100 120 140 

Total heat in C.H.U. per lb. 

at 500 lb. per sq. in. abs. - 727*3 733*3 739*2 750*5 761*7 

10 lb. of steam blown into 300 lb. of water raises the temperature 
of the latter from 10° C. up to 30° C. If the steam pressure was 240 lb. 
per sq. in. abs. estimate its dryness fraction. 

60. Describe an experiment for determining the dryness fraction of 
steam, cither (a) by means of a separating calorimeter, or (b) by means 
of a throttling calorimeter. 

61. Sketch and describe apparatus for determining the properties of 
superheated steam, and explain how it is used. 

62. Describe briefly some of the means adopted for measuring high 
temperatures, and indicate in each case the physical principles em¬ 
ployed. 



CHAPTER III 


TRANSMISSION OF HEAT TO THE WORKING SUBSTANCE IN 
EXTERNAL COMBUSTION ENGINES—THE STEAM POWER 
PLANT—AUXILIARIES 

Heat engines can be roughly divide^^ into two types, namely, (1) the 
external combustion engine and (2) the internal combustion engine. 
In an external combustion engine the fuel is burnt in a separate 
vessel, where the heat generated by the burning fuel is imparted to 
the working substance. This working substance is then allowed to 
expand in the engine and do work. The chief example of this type 
is the steam engine. Steam is generated in a vessel called a boiler, 
and then it passes to the steam engine or turbine and by the force 
of its expansion does external mechanical work on the piston or 
turbine rotor. In the internal combustion engine the fuel and air 
mixture is burnt in the engine cylinder, the rise of temperature and 
pressure produced in the working substance enabling it to do work 
in expansion (see Chap. V). 

The steam engine plant (open-feed system). Fig. 36 shows in 
outline the essentials of a simple steam engine and the various 
apparatus necessary for functioning it. It must be remembered 
that there are many arrangements or types of plant, although the 
principles involved are mainly the same and all employ steam as 
the working substance.'^he principal parts of the plant are (1) the 
boiler, (2) the engine, and (3) the condenser. The latter is not an 
absolute necessity, and is often omitted on the score of simplicity 
and the saving of space, as in the case of the steam locomotive. In 
fact, steam engines can be classified under the two heads, (a) con¬ 
densing engines or (b) non-condensing engines, although some engines 
are constructed to function with or without a condenserQ 
(1) The boiler. This occupies the major portion of the whole space 
taken by the plant, and it must be very carefully constructed and 
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needs expert care in working and maintenance. In the type of 
boiler outlined in the diagram, steam is generated by employing an 
oil-fired furnace. Oil is drawn from tanks through pipes and coarse 
strainers by pumps delivering it through filters and heaters to the 
burners on the boiler front. The oil is then sprayed into the furnace, 
producing, with the air supplied, smokeless combustion and an 
equal distribution of heat. It may also be mentioned that the oil- 
fired boiler has a high efficiency as none of the parts gets sooty, the 



boilers are smaller for equal power than with coal-fired boilers, and 
there is a more ready control of combustion and hence in the 
amount of steam produced. 

Every effort is made to design the boiler so that the heat of com¬ 
bustion reaches the water through the tubes and water drums. In 
the modern boiler the water is quickly and economically converted 
into steam, whence it passes to the engine cylinder through a pipe, 
which is covered with non-conducting material, known as lagging, 
to prevent the steam becoming cooled and partially condensed. 
This pipe, being subjected to a large range of temperature and con¬ 
necting two fixed bodies, namely, the engine and the boiler, has 
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bends of large radius which readily allow for expansion and prevent 
straining of the joints and consequent leakage. Steam supply from 
the boiler is controlled by the boiler stop valve, while before the 
steam reaches the engine stop valve it is usually passed through a 
steam separator or purifier to rid it of water particles and any solid 
or liquid impurities. Later it will be seen that dry steam is neces¬ 
sary for the efficient working of a steam engine. 

(2) The engine cylinder. The entry of steam into the cylinder is 
controlled by means of valves, while some of the boiler steam is 
used to form a hot jacket around the outside of the cylinder liner 
in order to prevent excessive condensation of steam as it cools dur¬ 
ing expansion. To convert the straight line, to and fro, or reciprocat¬ 
ing motion of the piston, which is forced along by the expanding 
steam, into rotating motion, a crosshead, connecting rod, and crank 
are employed. It is the crank which rotates the shaft and flywheel, 
and the kinetic energy given to them is utilised in doing mechanical 
work. The expanded steam after it has done its work may be 
exhausted directly to the atmosphere, or condensed in a condenser. 

(3) The condenser. In order that the steam can be expanded to its 
full limit and to enable the fresh water to be used again, which is 
important in ships, the steam is often condensed in a condenser in 
which a partial vacuum is formed, thus reducing the back pressure 
on the piston. By condensing the steam, say at 1 lb. per sq. in. 
absolute, to water, its volume is reduced in the ratio of about 
20,800 : 1. If this is done in a closed vessel, it follows that an 
empty space, void, or vacuum tends to be formed. It is possible to 
increase the partial vacuum or maintain the vacuum by removing 
any air which has leaked into the condenser by means of an air 
pump. Thus if the reverse side of the piston to that upon which 
the boiler steam is acting is connected to the condenser, there 
will be less resistance, or less back pressure offered, and expans¬ 
ion can be economically carried to a further stage. In non-con¬ 
densing engines the back pressure is that due to the atmosphere 
(see p. 30). 

The steam is condensed by the action of cooling water, which, in 
the surface type of condenser, is made to circulate through tubes 
by means of a pump known as a circulating pump. Meanwhile the 
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latent heat of the steam is extracted by coming into contact with 
the outside of the comparatively cold tubes. Air, which has entered 
with the steam or leaked into the condenser, and the condensed 
water are withdrawn by a pump and discharged into a tank that 
acts as a feed tank to supply more water for the boiler, unless as in 
experimental engines it is desired to measure the condensate. This 
pump is often called an air pump, because it abstracts air as well 
as condensate, and prevents the vacuum from being reduced or 
destroyed by leakage. The feed pump draws water from the feed 
tank, often called the hot well, and forces it into the boiler. Some¬ 
times the water is passed through filters, oil extraction apparatus 
and deaerators to extract sediment, oil and air respectively before 
they can reach the feed pump. The substances mentioned are 
detrimental to the functioning and long life of the boiler. Occa¬ 
sionally the feed pump is driven by an electric motor, but it will be 
noticed that the feed pump is shown in the diagram as being operated 
by the engine crank shaft. A feed check valve serves to control the 
entry of feed water into the boiler. 

To replace the leakage of steam and water from the system, what 
is called ‘ make up feed water ’ must be supplied from some 
source, and this fresh water may with advantage be passed 
through a water softener, which removes most of the dissolved 
solids and so prevents them from being deposited in the boiler. 
More details of the various parts mentioned will be given later 
in this chapter. 

The simple type of steam plant yjust described provides an 
example of the open-feed system, scVcalled because the feed water * 
comes into contact with the atmosphere. 

Layout of a steam power plant (closed-feed system). Fig. 37 is 
an outline of the layout of a steam power plant, which is a heat 
engine plant using water vapour, or steam, as the working sub¬ 
stance to convert the heat energy liberated by the combustion 
of the fuel into mechanical work. The main components are (1) the 
steam generator or boiler, (2) the engine in which the steam expands 
and does mechanical work, and (3) the condenser in which the steam 
is condensed ready for pumping back into the boiler. To improve 
the efficiency of the plant as a whole, various auxiliary apparatus 
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Fig. 37. Layout of a steam power plant. 
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and accessories are added. It must be remembered that the plant 
contains a large quantity of working fluid continually being cir¬ 
culated and that a small leakage has to be made good from the 
supply. 

Suppose the path followed by the water in the plant is taken up 
where fresh water is being supplied to provide for this leakage. 
From the mains, or source of supply, the water can advantageously 
be passed through a water softener, A, to prevent the deposition of fur 
or boiler crust in the system. Water hardness is due to the solids 
generally found dissolved in water, and if these can be precipitated 
and filtered off, waste of fuel and damage to boiler parts can be 
lessened. Water which is unduly soft is also injurious to the boiler 
structure, and it is in rare cases necessary to slightly harden the water 
before use. 'From A the water passes to the evaporator, B, where it is 
converted into steam, the necessary heat being obtained from steam 
abstracted, or bled, as it is called, from a suitable point in the expan¬ 
sion in the engine, or prime mover. The solid matter in the mains 
water is left in the evaporator, where it does little harm and can 
easily be removed, while the water itself has been converted to 
steam and flows into a condenser, C. Here it is condensed, but before 
being allowed to enter the main stream of feed water it is passed 
through a deaerator, X, to remove dissolved gases. The whole stream 
of feed water now enters one or more feed water heaters, D, in which the 
boiler feed water is heated by steam bled from a suitable point, or 
points, in the steam expansion in the prime mover. Bled steam 
that has been condensed in heating feed or make up feed water is 
pumped back into the main system by the drip feed pump, E. From the 
heaters, D, the feed water passes through the tubes of the economiser, 
F, situated in the boiler flue, where it is still further heated by the 
furnace gases before being forced into the boiler, H, by the feed 
pump, G. 

In the boiler the water is converted into steam, where it passes 
through the superheater, J; here its total heat is increased at con¬ 
stant pressure ready for economical expansion in the engine itself. 
The latter may be a steam turbine, K, or perhaps a triple or quadruple 
expansion engine. In both cases the expansion of the steam is carried 
out in stages,* to prevent or lessen condensation, before it is ex- 
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hausted into the surface condenser, L. To condense the steam, cool¬ 
ing water ia made to Bow continuously through the condenser by 
t means of the drculating pump, M, but ia not allowed to mix with the 
\ steam in process of condensation. The condensed steam, or con¬ 
densate as it is often called, drops into the hot well, N, which acts as 
a feed tank. Small quantities of air which have leaked into the 
condenser, and which if allowed to remain in the system would 
increase the back pressure on the prime mover and prevent expansion 
reaching such an advanced stage, are removed by the air ejector, P, 
which requires steam to operate it. The hot well pump, Q, draws water 
from the condenser and forces it back over the path it has already 
traversed, any loss of working fluid being made good by the small 
distilling plant B and C already mentionSd. Between the hot well 
pump, or * condensate extraction pump ’ as it is sometimes referred to, 
and the boiler feed pump it is generally necessary to provide a surge 
tank in which feed water can be stored. )(ln this way variations in the 
supply and demand of feed water can be met, irrespective of the 
amount of condensate available. It should be noticed that in this 
water-steam circulation the highest pressure exists between the boiler 
feed pump and the prime mover, while the lowest pressure exists 
between the prime mover and the hot well pump. 

The fuel is usually supplied through a hopper to a slowly moving 
mechanical grate, R, upon which combustion is controlled. Where oil 
fuel or pulverised fuel is used, special plant, burners and combustion 
chambers must be installed. The heat liberated by combustion 
raises the temperature of the water in the boiler tubes and drums 
and generates the steam. Then the hot gaseous products of com¬ 
bustion pass on to heat the superheater tubes and to the flues 
through the economiser and air preheater, T. The air supply to tlie 
furnace passes through T, and is thus heated above atmospheric 
temperature. Often the ash is removed from the end and beneath 
the mechanical grate by means of a screw ash conveyor, or some 
similar contrivance. 

The more important of the various parts mentioned will now be 
dealt with in more detail. 

Water softener. One type of softener is the Kennicott water 
softener. This employs a mineral called Kenzelite, which has the 
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proi)erty of combining with all the lime and magnesia contained in 
the water passing through it. When exhausted the mineral can be 
regenerated, or revived, by passing brine through it, and is thus 
practically everlasting. This plant automatically softens the water, 
no matter how the hardness may vary, and is entirely satisfactory 
where the make up feed water does not exceed 5% of the total. It 
is most important that the dissolved solids should not reach the 
boiler and economiser tubes to be deposited as a hard crust, restrict¬ 
ing the flow of water and making the transfer of heat through the 
tubes much more difficult. A water softener is an absolute necessity 
in the case where the water is not distilled. A crust on an economiser 
or boiler tube is a bad conductor of heat, and thus the heat from the 
flue gases is unable to pass freely to the water in process of evapora¬ 
tion. 

Deaerator. This is an increasingly popular addition to the 
auxiliary plant. Experience led to the discovery that if the dis¬ 
solved oxygen in the feed water is kept below c.c. per litre, 
the corrosion in boilers, economisers and turbines is almost entirely 
prevented. More recent experience shows that the water can be 
saturated with oxygen, but there is no corrosive action on steel, 
providing there is no trace of carbon dioxide present. Even in a 
closed feed system, air tends to leak in and mix with the condensate, 
so this air must be removed. In a type of deaerator made by 
Messrs. Hick, Hargreaves & Co., the feed water (if under 130° F.) 
is heated by steam and then suddenly injected through an atomising 
spray nozzle valve into a low pressure chamber, thus quickly reduc¬ 
ing the temperature and pressure of the water and causing it to boil 
violently and liberate the dissolved gases. The latter are removed by 
an air ejector pump which so maintains the vacuum, while an 
extraction pump withdraws the water. A bucket float controls the 
flow of water to the nozzle valve. A deaerator may be regarded as 
an absolute necessity in the case of the open feed system, where the 
boiler feed comes into contact with the atmosphere. In the closed 
system the make up feed, to allow for leakage and loss through 
safety valves, is usually passed through a deaerator. 

Bled steam is steam taken from the engine at some stage of the 
expansion and used to function the auxiliary boiler plant. 
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Feed heaters. These utilise exhaust or bled steam to heat the 
feed water before it enters the economiser or boiler. The water is 
made to pass through tubes in the opposite direction to the normal 
flow of steam on the outside, thus making use of the contra-flow prin¬ 
ciple. The tubes may be made of solid drawn copper or brass, or for 
higher temperatures of steel or cupro-nickel. Cast iron or steel are 
generally used for the covers, water boxes and body, while provision 
must be made for the expansion of the tubes in fastening them to 
the body. The bled steam is taken at a convenient point in the 
expansion stages in the prime mover, and there may be as many as 
five feed heaters, each taking its supply of steam from different points 
and each raising the temperstture of the. water 40-50 Fahr. 
degrees. ^ is ^ ' 

In the closed feedisystem to the boiler, now being described, care is 
taken that only distilled and deaerated water enters the circulation, 
but in less efficient types of steam plant the feed heaters serve the 
useful purpose of driving off dissolved air and allow dissolved solids 
to be deposited where they can be easily removed. After it has 
done useful work in the prime mover, the extracted steam gives up 
the whole of its latent heat to the feed water, which means less heat 
IS rejected to the condenser, and there is a consequent saving of fuel. 
As less work remains to be done in the boiler itself the evaporative 
power is increased, and there is less strain on the boiler because of 
the smaller range of temperature Involved. The design of feed 
heaters must be such that arrangements can be made for periodical 
cleaning, for removal of feed water scale inside the tubes, and oil 
and grease from the exhaust steam of reciprocating engines on the 
ou^ide. 

^Feed pump. This is often worked directly from the prime mover, 
but sometimes by a separate engine or motor. It must be able to 
pump from 2 to 2| times the amount of theoretical feed required by 
the boiler after allowance has been made for leakage, and must be 
capable of forcing this water into the boileip. In modem practice 
the feed pupp is generally of the centrift^^aJ^typ^ by an 

electric motor or steam turbine. For small plants the pump may 
be of the reciprocating type, and would probably be driven from 
the engine shaft by an eccentric attached to the pump plunger. 
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When worked independently of the engine the pump is often called 
a donkey pump. 

Boilers, or steam generators. There are many kinds of boilers 
and they may be classified under two headings, namely : 

(1) fire tube boilers, in which the products of combustion pass 

through tubes surrounded by water on the outside ; 

(2) water tube boilers, in which the water flows through the tubes 

and the hot gases flow over the outside. 

The Cornish, Lancashire, locomotive and the older marine type of 
boiler are fire tube. The Babcock and Wilcox, Stirling, Thomycrofb 
and Yarrow boilers are examples of the water tube type. 

Transmission of heat in a boiler. If a poker be placed in the fire, 
heat flows along it, even though its cooler end be screened, and the 
poker is said to be heated by conduction. In the same way the 
furnace tubes receive some of their heat by conduction from the hot 
furnace bars because iron is a good conductor of heat. This heat 
seems to flow from particle to particle of the iron, the temperature 
of each particle gradually rising. When a person is seated before a 
fire, or in the sun, he absorbs heat, and the heat is said to be trans¬ 
mitted by radiation because the intervening air is not heated as in 
conduction. Dull black surfaces are the best absorbers of radiant 
heat. In the same way the furnace tubes receive the heat radiated 
from the furnace and hot products of combustion. The water in 
contact with the hot furnace tubes receives heat, expands, becoming 
less dense than the water around it. It rises and is replaced by 
colder and denser water, which is in its turn heated, thus setting up 
currents flowing in the water in the boiler. The process of heating 
fluids by movement of the particles of the water themselves is 
termed convection. 

Heat can thus be transmitted in three ways. Water and air are 
poor conductors of heat, and they are best heated by convection. 
Metals are good conductors and absorb radiant heat, unless they 
are highly polished, when the heat is reflected. 

The following experiments illustrate the three modes of trans¬ 
ferring heat, a knowledge of which is of prime importance to the 
engineer. 
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Expt. 25, Transfer of heat by conduction. 

Object. To compare the conductivities of copper^ iron and brass 
rods. 

Apparatus. Three rods of copper, iron and brass (Fig. 38), 
each about in. dia., 15 in. in length, and a block of iron or copper 
about 1 in. square section and 6 in. in length. 

Method of pbiocedure. Heat the block of iron uniformly in a 
tinmen’s stove or small furnace until it is uniformly heated. Coat 
the three rods with a thin coat of molten paraffin wax, and after 
removing the block from the fire arrange the rods as shown in Fig. 
38 with their ends in contact with the hot block. The wax will 
melt off the rods for varying lengths, and after a time no further 
melting will occur. This takes place when the rate of conduction of 
heat along the rod is the same as the loss of heat from the surface 



into the atmosphere. Measure the distances uncovered for each 
rod, and thus obtain the relative conductivities of the Materials 
from which they are made. 

It will be seen that copper is a good conductor of heat and is said 
to have a high thermal conductivity. Compared with other sub¬ 
stances most metals are good conductors. 

The conditions which facilitate a transfer of heat by conduction • 
are a close contact between the particles and a temperature differ¬ 
ence existing between them. The more intimate the contact and 
the greater the difference of temperature, the more rapid the flow 
of heat from the hotter to the colder particles by conduction, tend¬ 
ing to equalise the temperature. In the boiler plant the scouring or 
scrubbing action of the hot turbulent gases against the cooler boiler 
or economiser tubes helps the transfer of heat from gas to metal by 
conduction. A similar action occurs between the steam and the 
cooling water tubes in a surface condenser. 

When it is necessary to conserve the heat in boilers, engine 
cylinders and steam pipes, the engineer encases or lags them with 
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substances which are poor conductors of heat. The following 
experiment will illustrate how differing substances may be compared 
for this purpose. 

Expt. 26. 

Objects. (1) To test the relative lagging qualities of magnesia 
section covering and plastic compound supercooled with asbestos 
composition, 

(2) To find the weight of steam condensed in a given period in pipes 
(a) bare, (b) lagged with varying materials. 

Apparatus. Three similar service steam pipes (Fig. 39) about 
3 inches diameter, served from the normal steam supply at a known 

pressure. One of these pipes is left bare 
and the other two lagged with (a) mag¬ 
nesia section covering, (b) a plastic 
compound supercoated with asbestos 
composition. The pipes are set vertically 
and the tops and bottoms fitted with 
suitable flanges. Inlet of steam is ar¬ 
ranged at the top and drain cocks at the 
bottom. 

Method of procedure. Steam is 
first passed through the tubes to bring 
them to the temperature of the steam 
supply before quantitative results are 
obtained. The drains are opened and 
all surplus condensation drained off, when 
the steam is allowed to flow into each 
of the pipes and remain for a time 
sufficient to allow a fair quantity of 
water to condense. This water is collected 
in separate containers and weighed. From 
the result a value for the condensation 
per square foot of pipe area can be obtained and the relative 
values of the lagging efficiencies determined. 

A more exhaustive quantitative experiment may be taken if the 
condition of the steam before entry is determined by means of a 
throttling and separating calorimetw, and thus the heat losses per 
square foot can be determined for each form of pipe protection. 

Note. —It should be understood that the object of lagging is to 
prevent the flow of heat from the interior of the pipe to the atmos¬ 
phere, a flow which will occur normally due to the difference of heat 
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Fio. 39. Lagging Expt. 
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potential, or temperature between the steam and the atmosphere. 
This flow would, theoretically, continue until the temperatures in¬ 
side and outside of the pipe were equal, but the existence of a heat 
insulator serves to prevent, to a large extent, this leakage of heat. 

Observations. 

Time for experiment = 

Area of pipe in sq. ft. = 

Weight of condensed steam in lb.: 

(a) bare pipe = 

(b) 1st lagging = 

(c) 2nd lagging- 

Weight of steam condensed per sq. ft. of pipe area : 

(а) bare pipe — lb. per sq. ft. 

(б) 1st lagging — lb. per sq. ft. 

(c) 2nd lagging = lb. per sq. ft. 

The results may then be put into the form of rate of condensa¬ 
tion per square foot by introducing the time factor. 

Exft. 27. Transfer of heat by convec¬ 
tion. 

Objects. To show the method of trans¬ 
fer of heat in a liquid by convection 
currents. 

Apparatus. A flask, retort stand, 
bunsen burner, and a few crystals of 
potassium permanganate. 

Method of procedure. Three-quar¬ 
ter fill the flask with water and scatter 
in the water a few crystals of the 
potassium permanganate, which will sink 
and later act as an indicator or colour¬ 
ing matter. Heat the water, when it 
will be noticed that the process of trans¬ 
fer of heat is by convection currents, 
that is, the hot water from the base of 
the flask will rise to the top, and the 
cold water from the top wiH sink to 
the bottom. This process continues Convection in a 

until a uniform temperature is reached * 

throughout the liquid. It should be noted that this is the process 
by means of which the water in a boiler is heated, and the condition 
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of priming is brought about by the sediment in the boiler being 
carried to. the Jjop by the convection currents. 

Since in convection the heat is transferred by the motion of the 
fluids themselves, the consequent mixing of the various currents 
eventually teitds towards an equalisation of the temperature. The 
more rapid the movement of the water in boilers the more quickly 
can heat be transferred and steam generated. Hence the necessity 
in boilers to permit the easy upward flow of hot currents of water 
and bubbles of steam and the downward flow of relatively cold 
currents of water. Convection currents in the flue gases also play 
their part by removing gas particles which have been cooled by 
contact with the boiler tubes and replacing them by fresh hot 
particles of gas. Experiment No. 29 illustrates the convective flow 
of water and steam in a small model glass water tube boiler. 

Exft. 28. Transfer of heat by radiation. 

Objects. To show that the radiation and absorption of heat 
from and by a black surface is greater than that of a polished 
surface. 

Apparatus. Two calorimeters, one highly polished and the 
other blackened with a thin coating of lamp black. 

Method of procedure. Pour into each calorimeter equal quan¬ 
tities of cold water. Arrange the calorimeters at equal distances 
at the side of an iron plate, which is being heated by several bunsen 
burners. Leave the calorimeters in this position for 20 or 30 
minutes, and then note the temperatures of the water in each 
calorimeter. It will be found that the blackened calorimeter has 
the higher temperature, thus having absorbed a greater quantity of 
heat. If these calorimeters be allowed to cool from equal tempera¬ 
tures when placed at a distance apart, the greater absorber will also 
be found the greater radiator, thi|.t is, the blackeited caloiimeter will 
cool more rapidly than the polished. 

In the boiler radiant heat from the hot products of combustion 
reaches the tubes and drums in large quantities without heating the 
intervening gases, the energy being transmitted by wave motion in 
a similar way to light. Thus it will be seen that heat reaches the 
boiler by all three processes—conduction, convection and radiation. 
The heat so received passes through the walls of the tubes and to 
the^ water particles immediately in contact with them by conduction. 
Convection currents are then set up in the water and the temperature 
of the water gradually raised to boiling point, when steam genera¬ 
tion begins in earnest. 
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THE LANCASHIRE BCflLER 

This loss of heat by radiation is also evident in the auxfliary 
service pipes and cocks, and for this reason such pipes and cooks are 
kept polished. 


The Lancashire boiler. A sphere would probably be«the best form 
of vessel in which steam could be generated, but the cylindrical form 




Fig. 41. Dish-end Lancashire boiler. 

is more suitable, mechanically. The Lancashire boiler, invented by 
Fairbaim in 1840, is a typical boiler of the cylindrical shell type, and 
is the most generally employed of the stationary fire tube type. It 
possesses two intenflil fiimace flues, and the largest sizes evapoi!S{|p 
about 12,000 lb. of water per hour, being 30 ft. long and 9J ft. m 
diameter. Efforts have been made to overcome its d^ects of small 
combustion chamber volume and narrow flues by adcqpting^forced 
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draught, air preheating and specially designed heat-resisting 6re 
bars to cope with the higher temperatures. This has led to a much 
improved efiSciency. Owing to the limitations placed on the thick¬ 
ness of the plates and the weight of the boiler, the pressure cannot 
exceed 200 lb. per sq. in. 

Fig. 41 shows in purely diagrammatic form a dish-end Lanca¬ 
shire boiler and moimtings. The boiler ends are pressed, dished and 
flanged in one operation, and the shape gives great strength and 
rigidity, obviating the use of stays and supports. Owing to the 
rigidity of these ends it is necessary to corrugate a portion of each 
of the two fire tubes so as to allow for expansion. The portion of 
the tubes containing the furnace is made straight. Air is admitted 
to each furnace above and below the grate, and the hot gases pass 
down the fire tubes and are then made to return along brick flues 
beneath the centre of the boiler. When the front of the boiler is 
reached, the gases are divided so as to pass along flues at each side 
of the boiler to the chimney, at the base of which a damper is fitted 
to control the flow of air. The supply of water to the boiler is 
pumped through the non-retum feed valve to the perforated feed 
pipe within the boiler, the object of the holes and pipe being to 
carry, gradually, the new feed water as far into the boiler as possible. 
Manholes are fitted at the top and bottom of the boiler, large enough 
to admit men to effect cleaning and repairs. The other fittings are 
dealt with in more detail later in this chapter. 

Water tube boilers. Boilers of this type are extremely popular for 
steam-raising for the following reasons : 

^1) The component parts are comparatively light and can easily 
be put together, so avoiding high transport costs. 

(2) They can be designed equally well for high or low pressures 
and for large or small evaporative power. 

4p) Steam can be raised very quickly because of the rapid con¬ 
vective flow of water and the readiness with which heat can be 
tmnsferred evenly to the bulk of the water. 

(4) They can be easily adapted for mechanical stoking, pulverised 
or oil fuel firing, and mechanical ash removal, while the capacity 
and floor space are much less than with other types of boilers. In 
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fact, the boiler is less bulky in every respect than other types of the 
same power and there is a saving of space. 

1 (.3) Superheaters, economisers and air preheaters can be easily 
and economically incorporated in one compact unit^ in which all 
parts are readily accessible. 

These boilers have, however, the following disadvantages : 

(1) The thin tubes are not so durable as the stouter shell of a 
Lancashire boiler, and they are liable to be choked. 

(2) There are more small parts, and in consequence greater 
liability for small accidents and breakdowns. 

(3) The internal pressure of th^‘ water tubes is more likely to 
cause accidents than the external pressure of fire tube boilers. 


Expt. 29. 

^^BJECT. To study the transfer of heat in a model water tube boiler. 


Apparatus. A model glass water tube boiler, as shown in Fig. 
42, with provision for introducing an indicator, such as potassium 


})crmanganate, to illustrate the 
convection currents 
Method of procedure. The 
lower portion of the apparatus 
should be heated while immersed 
in a sand bath, thus producing 
an even distribution of heat over 
the length B, C, D . Fill the appar¬ 
atus with water and introc^e a 
small crystal of potassiunoMfer- 
manganate into the top. As\he 
water in the lower level B, C, D 



becomes heated it flows up the inclined tubes, and co^ water firom 
the top section flows to the bottom to take its place, inclined 
tubes assist the convection currents, thus increasing the heating 
power of the boiler. It should be noticed that if the water in the 
top reservoir, which corresponds with the steam and water drum of 
a water tube boijer, were heat^ at A the heating effect woukf be 
confined to the water above AM fecause water is a pcx)r conductor of 
heat, and that in the tubes wouIdTremain cold, ^he existence of^e 
tubes produces convection currents, and a larger area in contact 
with the heating agent, thus increasing the heating power of the 
boiler. 
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Kg. 43 shows a test boiler by Messrs. Babcock & Wilcox, which is 
capable of producing 40,000 lb. of steam per hour at 1575 lb. per sq. in. 



Fio. 43. Water tube boiler. 


and 840° F. The fuel is supphed to the mechanical stoker from the 
hopper on the left and fired in a furnace of Bailey construction. This 
furnace is water-cooled to give the furnace walls longer life and 
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at the^ame time allow very high fumaoe temperatures, while the cool- 
ing-water, which is completely changed about every four minutes, 
forms an integral part of the boiler system. To the vertical cooling 
water tubes, metal blocks, ground to fit, are clamped, and these 
metal blocks are lined with refractory material, that is, material 
which is not easily fused or melted. The material is used as the 
bottom of the mould in whicl^ the block is cast. 

The boiler itself comprises a nest of steel tubes which are con¬ 
nected directly to headers and these are connected by means of return 
tubes to a water and steam drum. These tubes are inclined at an 
angle of 15° to the horizontal and divided into two sections. The 
sections of the tubes are made up from solid drawn steel tubes 
expanded into solid drawn headers, or uptakes and downtakes at 
each end. An even distribution of furnace gases is ensured by stag¬ 
gering, so that every space in a horizontal row is covered by tubes 
immediately above or below in the next row. Every header is pro¬ 
vided with hand holes opposite to each tube for ready access and 
cleaning purposes. The hand hole covers consist of internal oval 
hand hole caps, secured by an exterior dog and bolt and nut. A mud 
box collector is situated at the bottom of the headers at their 
lowest point. 

The steam and water drum shown at the top of the figure is made 
of forged steel. The hot gases are made to pass at least three times 
between the tubes, being guided by baffle plates; the arrows indicate 
the path of the gases in the diagram. Convection currents are set up 
in the water in the tubes, the direction of flow being clockwise in the 
figure, hot water flowing upwards in the right-hand header^ and 
being replaced by cold water coming down the left-hand headers. 
Thi circulation is thus rapid and positive, and conducive to the 
maintenance of an even temperature in the boiler. It is worthy of 
note that a large number of small tubes are preferable for steam¬ 
raising to a few large ones. 

Sandwiched between the two sectioris of boiler tubes, and pro¬ 
tected by the lower, the superheater will be seen, a series of 8-shaped 
bends being given to the tubes. Steam for the superheater is drawn 
through a purifier from the top of the boiler water and steam drum. 

After passing around the boiler drum and between the return 
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tubes at the top of the boiler, the furnace gases enter the flue and 
pass through the return bend economiser shown, and thence to the 
air preheater also marked. The gases then pass through the motor- 
driven induced draught fan and are discharged into the chimney 



Fio. 44. Babcock and Wilcox Cross Type Marine Boiler. 


stack. Meanwhile the forced draught fan is forcing air through the 
heater and through a duct to a point, marked with a cross, below 
iihe mechanical stoker. Here it is released with a high velocity, and 
passes through the burning fuel on the chain grate stoker. The two 
fans thus force and draw, in a balanced fashion, the air and products 
of oombustion through the many obstacles placed in their way. The 





























PULVERISED FUEL PLANT 

flue gases may be by-passed so as not to pass through the econo¬ 
miser. 

Fig. 44 shows a Babcock & Wilcox boiler fitted with interdeck 
superheater, forged steel return bend economiser, tubular air pre¬ 
heater with balanced draught chain grate stoker and Bailey water- 
cooled furnace. The diagram shows by dotted arrows the passage 
of the air supply through the preheater to the furnace, while the 
path of the products of combustion is shown by full line arrows 
through the furnace, boiler and superheater, economiser and air pre¬ 
heater to the chimney stack. Connections between the economiser 
and boiler drum are also shown, as sjre also the means for ash removal. 
Soot is collected in the hopper below the economiser and air heater. 

This marine type of boiler has already been built in sizes up to a 
capacity of 800,000 lb. of steam per hour and for working pressures 
of over 1500 lb. per sq. in. The complete unit is enclosed in a steel 
casing protected where necessary by double plating, ensuring a 
minimuin loss by radiation or of infiltration by cold air. Note the 
level of water in the boiler drum, and the steam in contact with the 
water from which it is being formed, thus providing the condition 
for the formation of saturated steam. 

Pulverised fuel plant. A line diagram of one type of pulverised 
fuel plant is shown in Fig. 45. The coal or fuel has to be dried, 
ground to powder, then mixed with air and blown into the furnac e 
through special burners. It is found that if the coal contains 
more than 4% moisture it binds and clogs pipes, mills, sieves, 
feeders, etc., and once the clogging action is started it tends to 
increase, and the entire plant may be put out of action. By keep¬ 
ing the moistme content below 1^% efficient working may be 
ensured. In the plant shown in the diagram the fuel enters the top 
of the drier, and is slowly oscillated or joggled over a series of baffle 
plates while hot flue gases from the boiler are blown upwards in the 
opposite direction. From the drier the fuel passes to the pulveris- 
ing mill, where it is ground sufficiently fine for 68-70% to pass 
through a sieve containing 40,000 holes per sq. in., while 30-32%, 
that is the remainder, must pass through a sieve containing 2500 
holes per sq. in. The attrition mills used for grinding are either of 
the ball or roller type while impact mills use a series of hammers. 
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When ground to a fine powder, a Kttle compressed air is mixed 
with the fuel; this makes it become partially fluid, and it can be 
pumped considerable distances to storage bins and feeding hoppers. 
From the feeding hopper the dust gravitates to a feeder of the screw 
type which propels the dust to the mixer, where a supply of air 
meets the dust and forces it to the burners. The burners are 
arranged either horizontally or vertically to suit the height of the 



Fi«. 45. Line diagram of a boiler fired by pulverised fuel (Fuller system). 

furnace and to give a flame in the form of a ribbon, and to present 
as much surface as possible to the air supplied through regulators in 
the furnace walls. In this way the excess air is reduced to a mini¬ 
mum, which is a feature of a pulverised fuel furnace, but this type 
has the disadvantage of occupying about three times as much space 
as the ordinary coal-fired furnace with a mechanised stoker. The 
high combustion temperatures involved also need special water- 
cooled furnaces, but the cooling system forms part of the water tube 
system of the boiler. There is always a danger of explosions if the 
fuel is stored in bins. 
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The superheater has been devised to increase the temperature of 
steam without raising its pressure. In some cases superheaters are 
provided with their own furnace, but generally they are installed 
within the boiler setting, and the source of heat is the heat content of 
the flue gases from the boiler furnace. In the latter case they are 
called integral superheaters. This extra heat which the steam has 
gained helps to prevent wet steam being formed, due to temperature 
drop and radiation loss, while expanding in the prime mover. Dry 
steam means a lower consumption and better lubrication in th6 
cylinders. The saving of from 15 to 25% in fuel consumption has 
led to the increasing use of superheated steam in engines and turbines. 

The superheater is placed nearer the furnace than the econo¬ 
miser or air preheater, its actual position depending upon the degree 
of superheat required. It is usual to protect it by a few rows of 
boiler water tubes to prevent the tubes burning in the intense heat. 
To control the temperature an attemporator is sometimes used, by 
means of which excess heat may be passed to the feed water without 
Joss to the system. Superheat temperatures up to 750® P. are us^d 
with steam turbines, and up to 500® F. with reciprocating engines. 

All superheaters are designed, in essential matters, on the same 
principles. They consist of a number of small diameter steel tubes 
arranged to expose the desired amount of surface to the flue gases. 
A good design should conform to the following principles : 

(1) Give rapid transference of heat from hot flue gases to steam. 

(2) Be free from the danger of the tubes being burnt out. This 
is unlikely if the temperature is below KKX)® F. 

(3) Be easy of access and easy to clean. 

(4) During a temporary stoppage, or while steam is being raised, 
it should be possible to cut off the hot gases from the superheater. 

(8) Allowance should be made for the expansion of the pipes in 
making connections and fitting supports. 

With highly superheated steam drop valves or piston valves work 
very satisfactorily, probably because the superheated steam behaves 
more as a gas. 

The modem tendency is to superheat in stages, and the interdeck 
type of superheater is installed for this reason. 
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Prime movers are used to transform some of the heat energy of the 
working substance into mechanical energy. Prime movers employ¬ 
ing steam may be divided into two classes: 

(1) Steam turbines, which in principle are highly efficient windmills, 
where steam acts on the blades or vanes in the place of windl^ and 
produces a rotary motion of the rotor to which the vanes are secur#. 

(2) Reciprocating engines in which steam is expanded in cylinders, 
the expansion of the steam pushing a piston before it. Rotary 
motion is given to a shaft by means of a crosshead, connecting rod 
and crank (Fig. 36). 

Economiser. This was devised to utilise some of the heat pos¬ 
sessed by the hot flue gases before they are finally released to the 
stack. These gases have a temperature of about 650° F. in the case 
of sheil boilers and about 525° F. in the case of water tube boilers. 
In heating the feed water this loss of lieat is minimised, but a certain 
loss is inevitable, as the gases must always be at least 100° F. above 
the boiler water in order for transfer of heat to take place effectively. 
An economiser consists of a large number of tubes, connected by 
branch pipes or headers at the ends, through which feed water is 
pumped. The flue gases pass around the exterior of the tubes on the 
contra-flow principle and heat the water. In some recently designed 
economisers steaming is allowed, and the tubes are fitted with metal 
gills or fins to effect a more efficient heat transfer. Soot is systemati¬ 
cally removed from the gills by a steam blower. A damper is often 
placed in the flue for the purpose of putting the economiser out of 
action when necessary, and as a precaution, safety and blow-off 
valves are fitted. These valves are described later in the chapter. 

The advantages accruing from the employment of an economiser 
may be summarised as follows : 

(1) A saving of from | to 1 ton of coal in every 5 tons. 

(2) The time required to convert water into steam is lessened, 
and the steaming capacity of the boiler is increased. 

(3) Prevention of scale formation in boilers, because the scale 
forms in the economiser tubes which are more easily cleaned. 

(4) Since hotter feed water enters the boiler the strains due to 
unequal expansion are minimised. 
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(5) The economiser provides hot water in plenty in the case of 
laundries, dye-works, breweries, where power together with a 
plentiful supply of hot water are required. 

(6) While the temperature of the flue gases is roughly halved, that 
of thp feed water may be raised through as much as 180° F. 

(7^ It is more economical to heat the comparatively cold feed 
w^ater by relatively hot gases, where the temperature difference is 
high and transfer of heat therefore efficient, than to increase the 
boiler heating surface where the boiler contents are more nearly the 
temperature of the hot gases. 

The disadvantages are : 

(1) When the boiler pressure exceeds 350 lb. per sq. in., steel tubes 
must be used instead of cast iron or other metals. These steel tubes, 
being thinner, be more quickly corroded if oxygen and earbon 
dioxide are prerj&it in the water. 

(2) Soot fofms on the tubes and must be removed, or heat trans¬ 
ference is lessAed. 

(3) If the feed water is too cold as it enters the economiser it may 
condense the steam in the flue gases on to the outside of the tubes. 
This moisture, in conjunction with the sulphur dioxide in the gase.s, 
sets up a highly corrosive action, which the employment of a feed 
heater will prevent. 

(4) Unless carefully designed the economiser will greatly lessen 
the draught through the boiler, because of the obstruction it sets up 
to the escape of flue gases. This may necessitate extra fan power. 

Expt. 30. To illustrate the action of an economiser and the principle 
of contra-flow. 

Object. To show that the heating effect of Jim gases is greater when 
the fluid subjected to heat is flowing in the opposite direction to the 
gases, that is, in contra-flow, 

Appabatus. This consists of a sheet iron case fitted with baffles 
(Fig. 46), a gas ring and a suitable flue. The exterior is thoroughly 
lagged to prevent radiation losses. Into the interior of this case is 
fitted a rectangular copper container with water supply pipes A and 
B, each with a thermometer pocket and thermometer. Through 
the depth of the container a large number of copper fire tubes are 
fitted, so that the gases frqm the gas ring are taken through these 
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fire tubes to the flue in the direction indicated by the arrow. The 
whole container and pipes are made watertight, and thus become a 
model fire tube boiler. Water is supplied to this boiler through A 
or B, and taken out from A or B according to whether the flow is to 
be contra or otherwise. When contra-flow is required the water is 
supplied at a slow speed from a reservoir situated well above A, and 





Fig. 46. Principle of contra-flow. 



passes through B as inlet, flows against the direction of the flue 
gases, and is discharged from A into a reservoir situated below B. 
When uniflow, or flow in the same direction, is required, the pipes 
connected to A and B are interchanged 4 thus the water flows in at 
A and out from B. 

Method of pbocedtjre. Allow the water to flow very slowly 
in at A and discharge at B for a period of 20 min. Note the tempera¬ 
tures at A and B, and calculate the rise in temperature produced in 
uniflow. Next interchange the supply and discharge pipes at A and 
B, allow the apparatus to cool, and then repeat the experiment in 
contra-flow at the same speed of water service and for exactly the 
same time. Note the temperature rise between B and A, and com¬ 
pare it with the result obtained in uniflow. 

CoNqLTJSiON. It will be found that a greater rise of temperature 
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results from the contra-flow experiment, and this feature leads to 
the adoption of the principle of contra-flow in the design of air 
preheaters, gas calorimeters, waste heat boilers and economisers. 

Air preheaters were introduced to abstract heat from the hot flue 
gases before these escaped to the chimney. As higher rates of 
evaporation and higher boiler pressures were being continually 
demanded, the flue temperature also became higher and higher, and 
therefore, to maintain a high boiler efficiency it was necessary to 
abstract a proportion of this heat in the products of combustion 
before allowing them to escape. Preheating of the air has also 
increased the efficiency of the boiler, because of (1) more rapid com¬ 
bustion and consequent greater furnace temperatures, and (2) more 
complete combustion, especially in the case of mechanical stokers, 
through there being less unbumt carbon in the ash. 

The extent to which air should be preheated depends upon (1) 
the type of furnace and the highest temperature materials com¬ 
posing it can withstand, without costly and frequent replacements, 
and (2) the highest temperature that the metal of the preheater 
can stand. The latter would be the controlling factor in the case of 
a water-cooled pulverised fuel or oil fuel fiimace. The maxi¬ 
mum temperature for mechanical stokers would thus appear to be 
o0()° F. 

The following factors should be considered with regard to increas¬ 
ing the efficiency of the air preheater : 

(1) The design must be such as to producje the minimum obstruc¬ 
tion to the flue gases, and hence the minimum loss of draught. 

(2) The contra-flow principle must be adopted to produce the 
maximum heat transference from gases to air. 

(3) The construction must permit of the minimum leakage. 

(4) The preheater must be of such construction and in such a 
position as to allow of it being readily accessible for cleaning, while 
at the same time it must occupy as little space as possible. 

Where economisers are also installed the amount of air-heating 
surface is usually about the same as the boiler-heating surface. 
Otherwise the air-heating surface is greatly in excess, and may be 
three or even four times as great as that for the boiler. 
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In the air preheater the hot flue gases and the cold air flowing in 
stream lines in opposite directions, and only separated by thin metal 
plates or tubes, make the transfer of heat extremely efficient and 
save 10% or more in the coal consumption. 


Example. On test, the following particulars were obtained from an air 
2 ^reheater of a steam power plant: 

Temperature of air entering heater — 48° F. 

Specific heat of air — 0-24. 

Temperature of gases entering heater = 486° F, 

Specific heat of gases = 0*26. 

Temperature of gases leaving heater = 290° F. 

Quantity of air — 18-6 16. per lb. of fuel. 

Calorific value of coal used — 13,900 B.Th.XJ. per lb. 

Assuming no heat, losses, find the temperature of the air leaving the 
heater and the percentage of the calorific value saved. 

Per lb. of fuel there will bo 18-6 + 1 = 19*6 lb. of flu© gases. 

Let t = final temperature of air. 

Then heat lost by gases = heat gained by air. 

19*6 X (486 - 290) x 0-25 = 18-6 x (1 - 48) x 0-24, 

, 19-6 X 195x0-26 

^ 18-6x0-24 

= 214; 

/. 1 = 262°P. 


Heat energy saved = heat given to air =18 x214 x0*24 B.Th.U. per 

lb. of fuel. 


percentage of calorific value saved = 


18 x214 xO-24 xlOO 
13,900 


= 6-65%. 


Chain grate stoker. These mechanical grates are designed to 
imitate hand-firing of the best kind. Usually the coking system 
(p. 6) is employed. Fuel is supplied uniformly through a hopper 
and spread across the width of the grate, and the latter moves slowly 
into the furnace. The grate is in the form of a wide endless chain 
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over pulley wheels driven by an electric motor through reduction 
gearing. Air can pass through the links of the grate, while the ash, 
etc., is thrown off at the back of the furnace down a shute to the 
ash removing plant. Some of the ash falls into the ash pit under the 
grate (as the bars or links are self-cleaning), because the coal is first 
coked at the front of the grate and is completely burnt by the time 
it reaches the back. These stokers have the advantages that no 
o]>ening of fire doors is necessary, the moving grate keeps the fire 
clear, while a cheaper coal can be burnt efficiently. The speed of 
the grate is regulated so that complete combustion is achieved dur¬ 
ing the passage of the fuel from the front to the back of the furnace. 


Example. A steamship of 12,000 shaft horse power when mechanically 
fired consumed 1*12 Ih, of coal (of calorific value 13,500 B,Th,U, per lb.) 
per shaft horse power per hour. When hand-fired the consumption had 
been 1 -22 lb. per shaft horse power per hour. Calculate the thermal efficiency 
in each case. 

Also calculate, for mechanical firing : (a) the saving in fuel cost on a 
2\-day journey when the fuel costs 19«. Qd. per ton. 

(6) The saving in bunker accommodation if 1 ton of coal occupies 
4.> cu. ft. 


M(»chanical firing : 

1 nr. . heat converted into work at shaft per H.P. per hour 

Thermal efficiency =-r—i- » t" .r ""i -- 

heat supplied in fuel per H.P. per hour 

33,000x60 


Hand firing : 
Tliermal efficiency 


M2 X 135,00 x778 
33,000 X 60 


1-22 X 13,500x778 


^ = 15 * 45 %. 


(a) Saving in fuel per H.P. per hour= 1-22 - !• 12 = 0*1 lb. 

.*. Saving in fuel per 12,000 H.P. per 21 days 

= 0 1 X 12,000x24x21 lb. 


Saving in cost in £ 


01 X 12,000 X 24 X 21 x 19-5 
^40~>r26 


= £263 5s. Od. 


(b) Saving in bunker space iix cu. ft. = 


01 


X 12,000x24x21 x45 
2240 


= 12,150 cu. ft. 


K 


B.B.E.S. n 
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The condenser. The main function of a condenser is to condense 
the steam at as low a pressure as possible; it is especially important 
in turbines. This means that the latent heat of the steam must be 
abstracted 'at the pressure which exists in the condenser. There are 
four types of condenser, namely (1) the surface condenser, (2) the 
jet condenser, (3) the evaporative condenser, and (4) the ejector 
condenser. Space will allow of only the first type being dealt with; 
in the surface condenser the cooling water and the steam do not 
come into contact, and it is therefore of the type suitable for the 
closed feed system. The functions of this type of condenser may be 
summarised thus : 

(1) To reduce by condensation the exhaust steam pressure and 
therefore the back pressure on the engine, and so allow economical 
expansion to the utmost limit. 

(2) To return feed water to the boilers or feed heaters at as high 
a temperature as possible. 

(3) To remove air from the condensate, and so obviate corrosion. 

These functions are carried out efficiently in a modem condenser 
by paying particular attention to the following : 

(1) The cooling water must be directed a definite number of times 
through the condenser to ensure a maximum temperature rise in 
order to keep the temperature of the condensate high. 

(2) Steam must be allowed to circulate freely over the whole 
length of the tubes, and the condensed steam may be drained off to 
prevent it falling upon the lower ones. 

(3) The pitch of the tubes must be greatest where the steam enters, 
and the flow area gradually reduced to give a constant steam flow 
through the condenser, the arrangement of the tubes being very 
important. 

(4) A percentage (about 6%) of the tube surface should be baffled 
off near the water inlet, where air can collect and be pumped out 
while cool. 

(5) The provision of an efficient air pump. 

(6) The condenser casing must be airtight, otherwise the high 
vacuum condition demanded would not be obtained. 
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Fig. 47 shows the main parts of a surface condenser made by 
Messrs. Hick, Hargreaves & Co. The direction of flow of the cooling 
water is shown by the arrows. Water is pumped into the lower half 
of the water box end, and it flows through the tubes in the bottom 
half of the condenser to the return end, then through the tubes in 
the top half to discharge. In the section a number of the tubes are 
shown baffled off to cool the air, which can collect there ready to be 
pumped out through the outlet marked air suction. Exhaust steam 
from the prime mover enters at the top and flows over the cooling 
tubes, is condensed, and drops to the bottom of the condenser, where 


SFCTION THROUGH 
WATER BOX 


Exhaust ' Steam inlet 

I. iA i * -i, 1 


.IVater 

[Wischarge 



\£xtnction Pump 
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Water Inlet 


Fio. 47. A surface condenser (Messrs. Biel, Hargreaves dr Co). 


it is extracted by a pump through the orifice shown. The condensate 
extraction pump is usually of the centrifugal type. Provision is also 
made for exhausting the steam directly to the atmosphere, as in¬ 
dicated on the diagram. Since the zinc can be easily replaced, four 
zinc corrosion blocks arc mounted on the tube plates at both the water 
box and return ends of the condenser with the object of saving the 
tubes and plates from electrolytic action (see p. 282). It is found 
that especially where sea water is used for cooling, aerated sea water 
forms the electrolyte between the tubes and the condenser ends, 
causing corrosion of the latter in the absence of the zinc blocks. 

Regenerative condenser is the name given to that type of condenser 
designed to prevent, as far as possible, the temperature of the con¬ 
densate falling below that of the incoming steam. In most con- 
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densers the condensate is cooled by coming into contact with the 
cold tubes at the bottom of the condenser. This results in a lower 
boiler feed temperature and considerable waste of fuel and energy. 
With the regenerative condenser the incoming steam is allowed to 
penetrate freely to the bottom of the condenser and reheat the 

condensate before it is withdrawn. 

Fig. 48 shows a section of a 
regenerative condenser of the West- 
inghouse type, in which the cooling 
tubes are arranged in two groups 
C and D, concentric with each other 
but not with the condenser shell. 
The air is withdrawn at B after 
being cooled by the cold inner group 
of tubes C, while the condensate is 
taken from F at a temperature ap¬ 
proximately that due to the vacuum 
in the condenser. The outer belt 
Fig. 48. A regenerative condenser. tubes D are warmer, due to con¬ 
tact with the steam, and the condensate has to pass over these 
before it is withdrawal. There is also very little alteration of pres¬ 
sure between the inlet at A and the air outlet at B due to the short 
radial flow of the steam towards B. 

Jet condensers employ a water spray arranged to meet the exhaust 
steam as it enters the condenser. Thus the steam and cooling water 
mix intimately with the attendant disadvantages of introducing air 
and impurities to the condensate. 

Example 1. In a jet condenser 20 lb. of cooling water at 50*^ F. are 
injected to condense each lb. of steam of dryness fraction 0*9 ai 212'^ F, 
What is the final temperature of the m ivture ? 

Total heat per lb. of wet steam ==180 -»-970 > 0-9 or 1063 B.Th.U. 

Let F. be the final temperature, then 

heat gained by water =heat lost by steam. 

20 X (< - 50) X 1 = 1053 - (« - 32). 

20i~ 1000 = 1053-^ + 32. 

2\t =2085. 

«=99-3. Ans. 99*3®P. 


U IaM 1 Arrangement 
^of Tubes 
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Example 2, A condensing engine developing 250 converts 12% 

of the energy of the coal into B.H.P, and 55% is discharged in the drcuUtt^ 
ing watery which rises 42® P, in temperature when supplied to the surface 
condemer. What weight of cooling water must he supplied ? 


of the energy corresponds to 250 x 33,000 or 8,260,000 ft. lb. per 
minute. 


/. 55% of the enbrgy corresponds to 


8,250,000 

12 


X 55 ft. lb. per min. 


= or 48,602 B.Th.U. per min. 

Wt. of water per min. v temp rise x specific heat = 48,602. 

r * • lu 48,602 

.. Wt. of water per mm. in lb. =—r—- =1157. 

^ 42 X 1 


% 

^Example 3. A parallel flow jet co^vdenser, in which the steam and water 
cnhr at the same end of the cotidenser and flow in the same directiony is 
required to condense 15,000 Ih, of steam per hour when exhausted from a 
tuibine, and to maintain a vacuum of 28-06 in, (0 95 lb, per sq, in, abs,) 
trhcn supplied with cooling water at 70® F, The injection water tempera* 
turc at outlet is not to he more than 4® F, below the steam temperature at 
itilef. Calculate the number of gallons of injection cooling water required 
]Hr minute. 


Temperature of steam at inlet at 0-95 lb. persq. in. abs. 

= 100® F. (from tables). 

/. Temperature of injection water at outlet = 100® F. - 4° F. = 96® F. 
Temperature of injection water at inlet =70° F. 

Temperature rise = 96® - 70® = 26 Fahr. 

degrees. 

Latent heat given up per lb. of steam = 1033*8 B.Th.U. (from 

tables). 

N.B.—It is not desired to remove any sensible heat, except the 
unavoidable drop of 4 degrees from 100® F. to 96® F. 


.*. Injection water required for cooling 


1037-8 X 16,000 
26 


= 997*7 eallons per mm. 
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Example 4. In a preliminary design for a power plant it was known 
thxa the steam consumption was to be 40,000 Ih, per hour and the cooling 
water available in the summer 'tnonths 2875 gallons per minute al a mean 
temperature of 60® F, Estimate the probable vacuum obtainable^ assufning 
1000 B,Th,U. abstracted per lb, of steam and the difference of temperature 
between the steam entering the condenser and the cooling water leaving it as 
8® F. ‘ . 

Let t ~ final temperature of cooling water. 

Heat lost in steam = heat gained by water per hour- 
40,000 X 1000 = 2875 X 10 X 60 X (^ - 60h 
<-60-=2319® F.; 

< = 8319® F. 

Temperature of steam entering condenser = 83*19® + 8® = 91*19® F. 

By using steam table values and plotting a graph it will be found 
that this temperature corresponds to an absolute pressure for steam of 
0*74 lb. per sq. in., or to a vacuum of 28*52 in. 


Example 5. Find the volume of air and condensate which must be 
removed per minute from a condenser in which the steam condensed is 
100,000 lb, per hour and the vacuum and temperature at the point of pump 
suction being 28*26 in, and 90® F, respectively. The weight of air removed 
is estimated at 53 lb, per hour. Vacuum corresponding to a steam tempera¬ 
ture of 90® F, is 28*57 in. Take R for air as 5^ 2 ft. 1b. per lb, per Fahr, 
degree. Barometer 30 in. of mercury. 

Total pressure duo to steam and air inside condenser 
■= 30 - 28*26 = 1*74 in. of mercury. 

Steam or vapour pressure at point of pump suction 
= 30 - 28*57 = 1*43 in. of mercury. 

Pressure due to air at point of pump suction 

= 1*74“ 1*43 = 0*31 in. of mercury. 

Using the relation PV — wRT to find F, whore 


P = 0*31 X 0*49 X 144 lb. per sq. ft. abs., since 1 in. of mercury 
is equivalent to 0*49 Ib. per sq. in., 
w = 53 lb., i? = 53*2 ft. lb. per lb. per Fahr. degree, 

T = 460® + 90® = 550® F. abs. 


Then V = 


wRT_ 53 x53*2 x550 
“~0*31 X 0*49 X 144 


= 70,890 cu. ft. per hour 
= 1181*5 cu. ft. per min. 
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Volume of condensate to be removed, since 1 cu. ft. of water weighs 
62-3 lb., 

100,000 


’60x62*3 


= 26*75 cu. ft./nuiu 


N.B.—This calculation provides the preliminary data from which the 
nocc*ssary size of pump can be found. 


Boiler fittings and mountings. These may be divided into two 
categories, namely, those for the direct control of steam generation 
and those which come into play automatically for safety purposes 
should the human element fail. It is proposed to deal with the two 
typos in the order mentioned. ^_ 

The feed check valve. This controls the ‘I 

How of feed water to the boiler, and must 

l4r * 

act as a check or non-return valve capable 
of working at considerably higher pres¬ 
sures than the maximum boiler pressure, 
l^sually the valve is of the mushroom 
ty|)e (see Fig. 110), its opening controlled 
by a hand w^heel throxigh a screw and 
rod, although not connected to it. The 
liigher pressure of the feed water on the 
])ump side of the valve lifts it the amount 
allowed by the rod, and the feed water 
Hows into the boiler. Any flow in the 
reverse direction would force the valve 
back on to its seating, and so prevent any 
escape of boiler steam or water should the 
feed pump break down or a burst occur 
in the feed pipe. 

The pressure gauge. The usual type of 
gauge employed has already been described 
(p. 32), and it indicates the gauge pres¬ 
sure in the boiler to the attendant whose duty it is to maintain the 
pressure necessary to meet the requirements in the engine room. 

The stop-valve. This is used to regulate the supply of steam from 
the boiler to meet the demand made by the engine. Fig. 49 shows 





Fkj. 49. 


Parallel slide stop 
valve. 
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a patent parallel slide stop-valve made by Messrs. Hopkinsons, 
Ltd., the type shown having a rising spindle. '^Tho main feature of 
this kind of stop-valve is that it gives a full bore, that is, an un¬ 
interrupted passage for steam through it. It is provided with 
parallel valve faces formed by means of a pair of parallel discs free 
to rotate on their axes, and to work between, and bed on, parallel* 
seats in the steel body of the valve. The spring between the discs 
keeps them on their seats when the valve is not under pressure, and 
so prevents any foreign matter lodging in such a way as to stop the 
valve closing. The valve facings and seats are made of Hopkinsons’ 
platnam, a special alloy capable of resisting hard wear and corrosion. 
Rotation of the hand wheel causes the valve to open or close, and 
the sliding crosshead, made of malleable iron, can be fitted with an 
indicator to show the amount of valve opening. The two pillars 
and bridge, which support the threaded valve rod of stainless 
steel, are made of mild steel and finished bright. The two 
pillars form slides for the erosshead. This valve is made for 
steam pressures up to 450 lb. per sq. in. and temperatures up to 
800® F. 

An isolating or non-retum valve is generally fitted near the stop- 
valve to prevent the accidental admission of steam from other 
boilers, when a number of these are connected to the same steam 
pipe, and when one is empty and undergoing repair. Combined 
stop and isolating valves are sometimes used. 

Blow-off valve. The function of this valve is to permit the boiler 
being emptied when necessary, and it can be used for blowing out 
the solids or sediment which accumulate at the bottom of the boiler. 
When the valve is opened the high pressure forces water out with a 
high velocity, and this water carries some of the solid matter with 
it; it must therefore be placed below the boiler drum and connected 
to the bottom of the latter. In eonstriiction it may be of the 
parallel slide type as just described, but it is usually operated by a 
hand lever which rotates a pinion meshing with a rack formed on 
the valve spindle. 

Dampers. These are valves or sliding doors placed in the flues to 
regulate the flow of gases or draught, and thus control the intensity 
of combustion and the rate of steam generation. ♦ 
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Expt, 31. 

Objects, (a) To examine, the action of the draught in a model 
chimney, 

(6) To show the effects of dampers mmmmmmm \ 

and baffles in the control of fluegases. —— j 

Apparatus. This consists of a J 

metal casing with a glass front (Fig. . 

50). To the casing is fitted a pair / 

of baffles A and B, and a top and J i 

bottom damper C and D respec- 
tively. There is a smoke entrance 

at E, a source of heat at F, and o ^ . 

a rotary slide valve to regulate any ‘ 

air supply required through the I f yap e 

base at G. | , ^7- 

Method OF PROCEDURE. When ""/ G 

heat is applied at F and the dam- Rotary SUde ¥alue to regulate 

pers C and D opened convection through base 

currents of air pass from the hot 

region at F, and are directed by the baffles A 
and B to the cold region around the outlet C. 

\ 1“ L If C is open these hot gases pass out into the 

. —15 atmosphere, but if C is kept closed they recir- 

r o; culate, falling to the lower level as they cool, 

|j and are replaced by the hot gases or air from 

3 y|l^ i the hot region. If some smoke is introduced 

‘ LL*J Pj f through E the effects of various damper or air 

I I j supply openings may be observed through the 

a ij ^ I II glass screen, and the directing influence of the 

^ nil baffles noticed. 




I_ Smohe 

Entrance 
jTap E 

'Joint 


-/ Q 

Rotary Slide ¥alue to regulate 
air supply through base 

Fig. 50. Expt. 31. 




' VV* Water gauge, or gauge glasses. To indicate 
m the water level in the boiler drum a water 

" ^ « gauge is employed, the level being visible in a 

""W f l ” glass tube. Fig. 51 shows a patent water 
■ • I r gauge by Messrs. Dewrance & Co., provided 

I with an automatic ball valve in the lower 

^ water arm and a patent automatic spring valve 

in the top steam arm. Three cocks are also 
I ^ provided, the steam, the water and the blow- 

Fig. 51. Water gauge, through cock at the bottom, and all three are 
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made tight by a system of asbestos packing in which the cock 
revolves without touching the metal. Should the glass tube break 
under pressure the ball in the lower arm rises to its seat and pre¬ 
vents the escape of water. At the same time the outward rush of 
the steam to the top arm pushes the spring in the top arm against a 
seating and shuts off the steam. To ensure that the gauge is register¬ 
ing correctly it is occasionally blown through, first by opening the 



Pig. 52. Duad safety valve and low water alarm. 

blow-through cock at the bottom and then by opening and shut¬ 
ting the steam and water cocks in turn. This clears the passages 
of any sediment which might have accumulated. The spring valve in 
the top arm is, however, strong enough to stop the valve closing when 
blowing through, and the type of gauge shown is suitable for ordinary 
conditions and pressures. Gauge glasses are easily replaced, and the 
joints easily broken by the patent lifter shown. Thick glass and 
wire mesh protectors are often fitted around the glass tubes of the 
gauges. 
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The fittings of an automatic nature fitted as safety devices will 
now be considered. 

Combined safety valve and low water alarm. This safety device, 
shown in Fig. 52, is largely adopted as a mounting for Lancashire 
and similar boilers. The valve block contains two valves, the larger 
acting as a seat for the smaller ball valve, the spindle of which carries 
the central dead load. Thus as the larger valve supports the ex¬ 
ternal lever, it is kept on its seat by the combined dead weight and 
loaded lever. The large valve blows and allows steam to escape 
when the steam pressure on the base of the valve is sufficient to 
overcome this combined load. In this way the attendant receives 
warning by the sound of the large valve blowing. When the water 
in the boiler drops below a certain level 
the float shown on the right of the 


illustration drops with it and turns 
the balanced lever clockwise about its 
fulc rum. The/ latter is shown to the 
right of the hollow boss on the lever 
through which the dead load spindle 
})a8ses. As the lever turns, projections 
on the top of the boss come into con- 
tac*t with a collar on the valve spindle, 
which is raised, lifting the ball valve 
off its seat. Further rotation of the 




lever will take the remaining load off 
the big valve, and both valves will 
lift and give audible warning. The 




sound of blowing by the ball valve is 
clearly distinguishable from that of the 
large valve. 

There are three common methods 




of loading safety valves, namely, by 
loaded lever, by a dead weight on the 
spindle, or by means of a spring. A 


spring loaded safety valve is illustrated in Fig. 53. and is designed 
for boilers generating steam up to 450 lb. per sq. in. by Messrs. 
Hopkinsons, Ltd. The valve, made of platnam, is guided both 
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above and below its seat, while the rod is of stainless steel. Spring 
plates at the top and bottom of the steel spring prevent it from 
buckling and keep the valve on its seat. For high pressures the 
body of the valve is made of cast steel. If the pressure on the 
valve is within 50 lb. of the maximum spring load, the easing lever 
at the top can be used to lift the valve from its seat. Often pilot 
safety valves are fitted to give warning in big installations by blow¬ 
ing off slightly before the main safety valves, and allowing the 
attendants to adjust matters and so economise steam. 

Fusible plugs are fitted on the furnace crowns and bases of boiler 
drums, and their object is to allow water and steam to escape and 
put the fire out should, by any accident, the water level become 
dangerously low. They contain metal of comparatively low melt¬ 
ing point, which fuses at a known temperature and so provides an 
outlet in the event of this temperature being reached. 

To remove moisture and impurities from steam a steam purifier may 
be used, and it may be placed either inside the boiler just before the 
exit or in the pipe line. The steam is given a rapid spiral motion by 
means of vanes, and the strong centrifugal action set up throw^s the 
heavier particles of water or dirt on to the sides of the purifier, from 
which they may be drained and collected. Appliances used for the 
purpose of drying steam are commonly called steam separators or 
traps. 

Boiler calculations. The thermal efficiency of a boiler is the ratio 

heat given to produce steam per lb. of fuel 
calorific value of fuel 

The evaporative capacity or power of a boiler is the weight of water in 
lb. per hour that it can evaporate. Frequently reference is made to 
the term evaporation per lb, of fuel. These terms are, however, vague 
unless the feed temperature and final steam pressure and tempera¬ 
ture are specified. If in a given boiler the heat actually given to the 
feed water per lb. of fuel were employed to raise a certain weight of 
water at 212° F. to steam at a pressure of 14*7 lb. per sq. in., this 
certain weight of water is called the equivalent evaporation. It pro¬ 
vides a means of comparing the true performance of boilers. Since 
the heat to convert 1 lb. of water at 212° F. into steam 
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pheric pressure is 970 B.Th.U. (or 539 C.H.U.)> then if B.Th.U. are 
employed, equivalent evaporation 

heat in steam above feed temp, per lb. of fuel used 
■“ 970 

The factors affecting the evaporative power of boilers can be 
summarised under three headings. 

(a) The heat required to produce 1 lb. of steam. This depends 
upon the initial feed temperature and the final pressure and degree 
of superheat of the steam. 

(b) The quantity and quality of t.he fuel burnt per hour. The 
quantity depends upon the grate area and the draught, while the 
calorific value of the fuel is a measure of its quality. The quality 
and quantity of the fuel burnt control the intensity of heat pro¬ 
duced by combustion. 

(c) The design and condition of the boiler. These factors control 
the effectiveness of the heat transference through the walls of the 
tubes and drums, since this effectiveness depends upon the thick¬ 
ness of those walls, their conductivity, and the difference of tempera¬ 
ture on thfc two sides. 

1. A boiler^ with economiserj raises 8-2 lb- of water per lb, of 
coal from a feed temperature of 170° F, to steam at a pressure of 500 lb. 
per sq. in. {absoliUe) and temperature of 700° F. Find the total heat of the 
steam per lb. above feed temperature and the equivalent evaporation^ given 
that the mean specific heat of the steam is 0*63. 

From tables, temperature of saturated steam at 500 lb. per sq. in. 
:-467 1°F. 

Dep:ree of superheat =700 - 467-1 =232-9° F. 

Total heat of steam above feed temp, (from tables) per lb. 

= 1213-2+232-9 x 0-63 ~ 138 =1221 B.Th.U. 

Heat in steam above feed temp, per lb. of fuel used 
= 8-2 X 1221 = 10,012 B.Th.U. 

Therefore equivalent evaporation =10-32 Ib. 
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Example 2. A steam turbine requires 66,000 Ih. of steam per hm/r^ cmd 
the evaporative power of the Scottish coal to be used may he taken as Ih. 
per Ih. of fuel. Taking the rate of combustion of the grate as 26*3 lb, of 
coal per sq, ft, of grate per hour^ estimate the area of grate required. 


Wt. of fuel to be fired per hour = 
Therefore area of grate wanted = 


66,000 


8461-5 


= 8461-5 lb. 


=322 sq. ft. 


Example 3. In a 4 hours'* trial of a water tube boiler 6500 lb, of oil were 
burnt in evaporating 89,360 lb, of water from feed water at 80° F, to dry 
saturated steam at 250 lb, per sq, in, (absolute). The calorific valus of the 
Russian fuel oil used was 19,400 B.Th.U. per lb. Determine the boiler 
efficiency and the equivalent evaporation. 

Water evaporated per lb. of fuel = = 13-75 lb. 

ooui) 

Heat in steam per lb. above feed temp, (from tables) 

= 1207-48 = 1159 B.Th.U. 

Heat transferred to water per lb. of fuel = 1159 x 13-75 

= 15,936 B.Th.U. 

15 936 

Boiler efficiency 19^0 

Equivalent evaporation from 212° F. = ^ --16-4 lb. 


-^Example 4. A Lancashire boiler taking feed water at 150" F, supplies 
all its steam at 250 lb, per sq, in, abs, and 0-97 dry to engines developing 
f)30 H,P, The coal consumption is 1400 lb, per hour and the calorific 
value of the coal 12,100 B,Th,TJ, per lb. If the engines take 18-5 lb, of 
steam per H,P, hour calculate : 

(a) the efficiency of the boiler : 

(b) the indicated thermal effiiciency of the whole plant. 

Heat in steam at 250 lb. per sq. in. abs. and 0-97 dry reckoned above 
32° F. as datum - 376-3 -f 0-97 x 830-7 = 1182-1 B.Th.U. per lb. 

Heat per lb. supplied by boiler above 150° F. = 1182-1 - 150 f- 32 

= 1064-1 B.Th.U. 


(a) Boiler efficiency 


heat supplied by boiler per H.P. hour 
heat supplied to boiler per H.P. hour 


1064-1 y 18-5x630 
12,100 X 1400 


-0-732 or 73*2%. 
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/IV 11 /jQ • converted into indicated work per hour 

(b) Overall emciency =-r—i-r—i-i- - - 

heat supplied per hour 

_ 630 x 33,000 x 60 _ 

~ 12,100 X 1400 X 778 ~ ^ 

Szample 5. The following details concern a steam plant generating 
16,800 lb. of steam per hour. 


Economiser. 

Boiler, 

Superheater, 


Heating Surface. 
1600 sq. ft. 
3200 sq. ft. 
1700 sq. ft. 


Feed water raised from 80"^ F. to 200'^ F. 
Steam leaves 0-98 dry at 250 lb, per sq. in. abs. 
Steam leaves at 250 lb. per sq. in. abs. and 

7210 jp 

Calculate the rate at which heat is hJing transmitted ni B.Th.U, per 
sq. ft. per hour in each of the above sections of the generating plant and the 
probable fuel consumption per hour if the efficiency of the plant is 78^ 
Calorific value of fuel used — 13,500 B.Th.l\ per lb. 

Heat in steam per lb. above datum 32" F. as steam leaves boiler 
- 376-3 + 0-98 X 830*7 = 1190-4 B.Th.U. 

Heat gained in economiser per hour — 16,800 '• (200 - 80) 

= 2,016,000 B.Th.U. per hour. 

Heat gained in economiser per hour per sq. ft. of heating surface 

2,016,000 


1600 


= 1260 B.Th.U. 


Heat gained in boiler per hour per sq. ft. of heating surface 

(1190-4-200 + 32) 16,800 


B.Th.U. 


3200 
- 5367-6 B.Th.U. 

Heat in superheiied steam with a saturation temperature of 401 F. 
and a degree of su^rheat of 721" - 401" or 320 Fahr. degrees from tables 
1 1385-5 B.Th.U. per lb. 

.*. Heat gain^ inWiperheater per hour per sq. ft. of heating surface 

/ (1385*5 - 1190-4) X 16,800 ^ 

=- ^ -B.Th.L. 

= 1928B.Th.U. 

Heat required per hour above feed tt^mperature 


= (1385-5 

estimated fuel consumption 
_ 1337-5 X 16,800 
13,500 


100 

80 + 32) X 16,800 x B.Th.U, 
7o 


100 

= 2133 lb. per hour. 
78 ^ 
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Example 6. Fuel used in a boiler plant had the following composition 
by weighty C 84%, H 15%. When 60% excess air at 60° F. was supplied, 
what was the proportion of total flv£ gas loss of heat at the chimney that 
was dvs to excess air ? Temperature of flue gases at entrance to chimney = 
530® F. : specific heat of air —024 and of flue gases 0-26. 

Minimum air required per lb. of fuel 

= (0-84 X 2§ + 0-15 X 8) = 14-965 lb. 

/. Wt. of flue gases per lb. of fuel if ash content is ignored 
== 14*955 + 1 lb. 

Heat lost in flue gases per lb. of fuel 

= (14*955 + 1) X (530® - 60®) x 0*26 
= 1950 B.Th.U. 

Wt. of excess air = 60^’o of 14*955 lb. = 8*973 lb. 

Heat lost in excess air per lb. pf fuel = 8*973 x (530 - 60) x 0*24 

= 1012 B.Th.U. 

Percentage loss in excess air = ——— x 100 = 34*2^'o* 

lUlZ "h 195U 

Example 7. A turbine steamer is to he supplied with boilers for engines 
which develop 6000 H.P. The boilers are to generate steam at 400 Ih. per 
sq, in. abs. and 140 Fahr. degrees of superheat from feed at 140® F. using 
coal with a calorific value of 14,200 B.Th.U. per lb. 

Assuming that a firing rate of 22 lb. of coal per sq. ft. of grate area is 
permissible, that the engine consumption is 13 lb. of steam per H.P. hour, 
and that the efficieyicy of the boiler and superheater is 78%, calculate the 
total grate area required. 

For an overload output of the boiler the firing rate may be increased to 
28 Ih. per hour per sq. ft. of grate area. Calculate this overload output if 
the boiler efficiency drops to 70%. 

Heat in steam at 400 lb. per sq. in. abs. and 140 Fahr. degrees of 
superheat, from tables = 1301*7 B.Th.U. per lb. above 32'" F. 

/. Heat required per lb. of steam 

= 1301*7-140 + 32, since 140° F. is the 
feed temperature, 

= 1193*7 B.Th.U. 

Steam consumption = 6000 x 13 = 78,000 lb. per hour. 

100 

Heat per hour required = 1193*7 x 78,000 x — 

= 119,370,000 B.Th.U. 
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Weight of coal required per 

hour 119,370,000 

14,200 

, . , 119,370,000 ^ 

grato area required ^ 14,200 x 22 

On overload, heat ufiefiilly 

employed per hour =: 382*1 y 28 x 14,200 x 70/100 B.Th.U* 
weight of steam gen¬ 
erated 382*1 X 28 X 14,200 x 70 

~ 1193*7 X 100 

= 89,100 lb. per hour. 


EXERCISES ON CHAPTER IJI 
Steam generating plant. 

1. Name the principal and minor components of a steam power 
plant, and state briefly the function of each. 

2. Why is it necessary to keep the working substance pure in a 
steam power plant, and what are the steps taken to accomplish this ? 

3. Sketch and describe a Lancashire boiler, and state its advantages 
over other types. 

4. Why is make up feed water necessary in a steam plant ? How 
can the supply be arranged ? 

5. Make a list of the boiler fittings necessary to equip a Lancashire 
boiler, and state in a few words the function of each. 

6. Describe a water tube boiler, and state what advantages it 
possesses over a Lancashire boiler. 

7. What are the ekivantages of heating the feed water to a boiler, 
and how can it be accomplished ? 

8. Describe the function and chief features of a good design of 
integral superheater. 

9. Wliat is the object of heating the air supply to a furnace, and 
how is it done ? 

10. State tho advantages and disadvantages of water tube boilers 
and fire tube boilers. 

11. Describe with the help of sketches a boiler stop valve. What 
o( her tyj)es of valve are necessary for a water tube boiler ? 

12. State the fittings of an automatic nature employed to avoid 
accidents in boilers, and sketch and describe one of them. 

13. Describe in a water tube boiler how the three modes of heat 
transference, namely, conduction, convection and radiation, are em¬ 
ployed to convey heat from the burning fuel to the water. 

B.B.B.S. u. 
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14. What are the chief causes of the production of smoke in boilers, 
and how should a furnace be managed to reduce the smoke as far as 
possible ? 

15. Explain why it is necessary to adjust the thickness of tht* fire 
and the speed of a mechanical grate so that the fuel is completely burnt 
and the heat loss in the flue gases and excess air is a minimum. 

16. Describe the main features of an f'C’onOmiser and explain its 
advantages and disadvantages. 

17. Estimate the percentage gain of heat obtained by employing an 
economiser, which raises the temperature of the feed water from 92'' F. 
up to 216° F., instead of allowing the fee^d wati'r to enter the boiler 
direct at 92° Assume the boiler supplies 1150 B.Th.U. to each lb. 
of feed. 

18. An economiser has a heating surface of 1650 sq. ft. and raises the 
temperature of 17,000 lb. of feed water from 78° F. to 190° F. every 
hour. Calculate the rate of heat transference' j)er sq. ft. of surface' pe'r 
hour. 

19. An economiser receives 16,500 lb. of feed water pc'r hour at 
100° F. while the weight of flue gas passe*d is 35,000 lb. If the flue' 
gases enter the economiser at 690° F. anel le'ave at 350° F., estimate' 
the temperature of the feed water as it le'ave's the economiser. Assume* 
the mean specifle heat of the flue gases is 0*25, and negle^ct losses. 

20. A force pump has a ram 2 in. in diame'ter and has a stroke* of 
24 in. Neglecting leakage, how many gallons of water would be* foree'el 
into the boiler for every 1000 double strokes of the ram. Calculate the 
force on the ram plunger due to a working pressure in the boile'r of 
240 lb. per sq. in. gauges. 

21. A small marine boiler having a grate area of 36 sq. ft. gene'rate'.s 
9090 lb. of dry steam per hour at 215 lb. per sq. in. abs. from f('('d 
water at 50° C. Calculate the quantity of coal burned per sq. ft. of 
grate area per hour if the calorific value of th(' coal is 8000 C.H.U. per lb. 
PIfficiency of boiler - 78%. 

22. A steam wagon using 198 lb. of coal p<'r hour develops 95 H.P. 
Find the overall thermal efficiency of boiler and engine if the calorific 
value of the fuel is 8100 C.H.U. per lb. 

23. Find the necessary grate area for a boiler supplying steam to a 
6001.H.P. triple expansion engine if the estimated steam consumption is 
15 lb. per I.H.P. per hour, the evaporative power of the coal 8 lb. of water 
per lb. of coal, and the grate can bum 27 lb. of coal per sq. ft. per hour. 

24. In a 2 hours’ trial for a water tube boiler 4360 lb. of oil of calorific 
value 19,000 B.Th.U. per lb. were burnt in raising 66,860 lb. of feed 
water from 46° F. to diy saturated steam at 225 lb. per sq. in. (gauge). 
Calculate the efficiency of the boiler and the equivalent evaporation per 
Jb. of oil fuel. 
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26. A 2 hours’ trial for a water tube boiler showed that 10,610 lb. o^* 
oil fuel, of* calorific value 19,000 B.Th.U. per lb., when burnt raised 
127,600 lb. of water from feed temp. 70° F. to dry steam at 206 lb. per 
scp in. gauge. Calculate the efficiency of the boiler and the equivalem 
evaporation from 212° F. per lb. of fuel. What is the evaporative power 
of this boiler ? 

26. During a boiler test the average steam pressure was 170 lb. per 

s(j. in. absolute, the dryness fraction of the steam generated 0-97, weight 
of feed water used per hour 40,000 lb., temp, of feed water 80° C., fuel 
liT'pd per hour 4400 lb., and the calorific value 7150 O.H.U. per lb. Find 
tla* efficiency of the boiler, having given: absolute pressure of steam 
170 lb. per sq. in., temp. 186-9° C., sensible heat 189*5 C.H.U. per lb., 
and total heat 667-9 C.H.U. per lb. (U.L.C.I.) 

27. A Lancashire boiler generates 5200 lb. of dry steam per hour at 
an absolute pressure of 160 lb. per sq. in. The grate area is 34 sq. ft., 
and 18 lb. of coal are burnt per sq. ft. of grate area per hour. The 
calorific value of the coal is 7900 C.H.U. per lb., and the temp, of the 
fi'cd water is 17-5° C. Find the efficiency of the boiler given : 

Temp, of steam at 160 lb. per sq. in., 184-2° C. ; sensible heat, 
186-6 C.H.U. per lb. ; total heat, 667*2 C.H.U. per lb. (U.L.C.T.) 

28. Describe briefly, with the aid of outline sketches, the chief fea- 

t of construction of any boiler with which you are familiar, and show 
1 he path of the gases from the furnace to the flues. The fittings need 
not be described. (U.L.C.I.) 

29. A Howden high pressure boiler evaporated 16 lb. of water per 
hour j)er lb. of oil burnt at a steam pressure of 310 lb. per sq. in. abs. 

('a leu late the efficit'ncy of th<' boiler if the feed water temperature was 
200 F. Calorific value of fuel — 19,000 B.Th.U. per Ib. 

30. What is meant by equivalent evaporation from and at 212° F.? 

Find the equivalent evaporation from and at 212° F. for a boiler 

(‘vaporating 8-5 lb. of water per lb. of coal when working at a pressurt» 
of 215 Ib. per sq. in. abs. with a feed temperature of 110° F. 

31. A boiler evaporat(*s 10 lb. of water per lb. of coal from feed water 
at 140° F. to steam at 270 lb. pi'r sq. in. abs. and superheated to 
467-9^ F. Specific heat of steam —0-6. 

Find the equivalent evaporation from and at 212° F. per lb. of fuel. 

32. A boiler taking feed water at 135° F. uses 1500 lb. of coal per 
hour of calorific value 12,500 B.Th.U. per lb. and generates 12,800 lb. 
of stt'am per hour at 220 lb. per sq. in. abs. and 0*96 dry. Calculate th(‘ 
('ffieiency of the boiler and its equivalent evaporation from and at 
212 F. per lb. of fuel. 

33. As a result of a boiler trial the following re.sult8 were obtained : 

F(mkI water supplied per hoiu*, 8100 lb. Feed temperature, 86° C.v 

Boiler pressure, 330 lb. per sq. in. abs. Dryness fraction of steam, 

'C^oal burnt per hour, 910 lb. Calorific value of cool, 7,800 C,H,U^ 
per lb. 
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Find tho thermal efficiency of the boiler and the equivalent evapora¬ 
tion from and at 100° C. per lb. of fuel. 

34. A steam plant generates 30,000 lb. of steam per hour at 500 lb. 
per sq. in. abs. with 200 Fahr. degrees of superheat (total heat 1341-9 
B.Th.U. per lb.) from feed at 80° Estimate the fuel consumption in 
lb. per hour assuming an overall efficiency of 77^\, and fuel of calorific 
value 13,500 B.Th.U. per lb. 

35. A radiant lieat steam generator lining pulverised coal as fiu‘l 
generated 90,000 lb. of steam per hour at 400 lb. p(*r .s({. in. abs. and 
200 Fahr. d(‘grees of superheat from f(‘ed at 100^ F. If the efficiency of 
tho generator was 87-6^^), calculate the fiK'l consumption. C/alorific 
value of fuel 13,500 B.Th.U. per lb. Specific heat of steam O-OIS. 
What is the equival(*nt (‘vaporation ])er lb. of fuel from and at 212 F.? 

36. A boiler has an efficicmcy of 72*‘o ^^^d the rate of firing is 25 lb. 
per hour per sq. ft. of grate* area. Stt‘am is generated at 400 lb. j)er 
.sq. in. abs. and 120 Fahr. degrees of superh(*at from ffied at 140 F. 
Estimate the boiler output in lb. per hour if the calorific value of the 
fu(d used is 13,500 B.Tli.U. ]>er lb. and the grate area is 420 sep ft. 
Specific heat of superheated steam — 0-048. 

37. The combustion chamber of a wat(*r tube boiler using pulverised 
fuel is 19 ft. by 19 ft. by 28 ft., and the h(*at is r(*leased at the rate of 
35,000 B.Th.U. per cu. ft. of furnace volume* t*very hour. If the work¬ 
ing pressure of the boil(*r is 500 lb. per sep in. abs., the steam is given 
1()0 Fahr. degrees of sup(*rh(*at and f(*ed is taken in at 215 F., find the* 
weight of water evaporated per hour if the eflicie'ucy of h(‘at transf(*r is 
84^^'(,. Specific heat of superheated st(*am O-OO. 

38. A superheater raises the .state of 20,000 lb. of .saturated steam 
per hoiu* from 252-4^ C. (000 lb. per .sq. in. abs.) and 0-97 dry to super- 
hoahHl steam at 452*4° C. and the .same pre.ssun*. If thi* specific lu*at 
of the steam is 0-019 and the superheater has a Nurface of 1950 s([. ft.j 
calculate : 

(а) the heat given to (*ach lb. of st(*am ; 

(б) the h(*at given p(*r hour ; 

(c) the rate of heat transf(*rence per s(p ft. of surface per hour. 

39. The following figures were taken from the superheater of a liner. 
Temp, of gases into and out of superheater 

- 1310° F. and 820' F. re.spectively. 

Temp, of steam into and out of suj)erheater 

-r 449° F. and 675° F. ro.spectively. 

Specific heat of gases and steam =0-25 and 0-617 respectively. 

Calculate the heat given up by the hot ga.ses and gained by the steam 
per lb. of fuel and the efficiency of the superheater, if 14 lb. of steam are 
superheated and 18 lb. of air arc supplied per lb. of fuel. 

40. A separately fired superheater is supplicsl with steam at a pr(*s- 
sure of 310 lb. per sq. in. abs. and dryne.ss fraction 0*9, and raises tho 
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temperature of 40,000 lb. of steam per hour to 396-8° C. If the specific 
heat of the steam at constant pressure is 0-57, find the thermal efficiency 
of the superheater if it uses 989 lb. of coal per hour of calorific value 
7,800 C.H.U. per lb. 

41. Estimate the coal consumption of a locomotive using 9,500 lb. of 
steam per hour from feed at 80° F. with a bdiler pressure of 250 Ib. per 
s(|. in. abs. and the steam superheated OO-^Fahr. de^grees. Take the 
calorific value of the fuel as 13,000 B.Th.U. per lb., the efficiency of the 
boiI(T and superheater as 72and the specific heat of superheated 
steam as O-Ol. 

42. The following figures weiH' taken from the performance of an air 
prebeat(‘r for a steam power jilant : 

Temperature of air entering j.reheat(*r ~ 60° F. 

T(^my)erature of gases entc^ring pr(dieat('r = 492° F. 

Tc‘m])(^rature of gasc's leaving prc'heater - 280^ F. 

Quantity of air supi>lied to boiler ptT 

lb. of fuel -18-8 Ib. 

Calorific value of coal used = 14,000 B.Th.U. 

per lb. 

Specific heat of air-0-24. Specific heat of gases = 0-26. 

Assuming no heat losses, find the ternperatim' of th(‘ air leaving the 
h('ater. Wliat percentagt- of tlu‘ calorific value of the coal has been 
sav('d ? 


43. A boiU*r plant uses fuel with a chemi(‘al composition by weight of 
carbon 8.5and hydrog(*n 14^\). (^alculat(‘ the minimum air re({uired 
p<*r lb. of fuel for compl(»te combustion. When 50^'o excess air at 70° F. 
I" supplied, what is the percentage loss of heat, du(‘ to excess air, of the 
total flue gas loss? 

Tempf*ratur(' of flue gases at th(‘ entrance to the chimney =r 520° F. 

S]>ecific heat of flue gases —0-26. Specific heat of air - 0-24. 

44. Find tla* weight ne(*essary to hold do■w^l a dead weight valve for 
a boiler with a working prt'ssure of 180 lb. ])er s(|. in. abs. The valve 
ojx'ning is 2\ in. in diamett-r. Also calculate* the lift of the valve to 
give* the same* are*a to ste*am exit from the valve as to ste^am entrance. 
AVhat stiffm*.ss of spring in the* ca.se of a spring loaded valve W’ould be 
ne*ce*ssary to just j)ermit this lift with the given steam load? 

45. With the* aid of a line diagram indicate the arrangement and 
functions of the imiin com]^K)nents of a pulverise*d fuel plant. 

46. The following figure's were* taken during tlie trial of a locomotive 
boiU*r lasting 6 hours : 


(V>al burnt per hour 
Te'inperature of air supply 
(irate area 

Ash removed per hour 
Specific heat of gases 
Specific heat of air 


-r 340 lb. 

60° F. 

= 12-4. sq. ft. 
= 22 lb. 

= 0-26. 

= 0-24. 
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Minimum air supplied per lb. of coal = 10-4 lb. 

Excess air - 6-2 lb. 

Temperature of flue gases entering chimnty =- 570° F. 

C.V. of coal = 13,000 B.Th.U. per lb. 

Calculate the percentage of the heat available in the coal which is 
•carried away : (a) by the total flue gases, (b) by the excess air alone. 

47. A Yarrow boiler with a grate area of 65 sq. ft. and a heating 
surface of 3350 sq. ft. supplied 24,700 lb. of dry steam at a pressure' of 
300 lb. per sq. in. abs. from feed at 50° F. using 2800 lb. of fuel j)er 
hour af calorific value 13,500 B.Th.U. per lb. 

Find (a) the weight of coal burnt per sq. ft. of grate per hour ; 

(b) the weight of steam generated per lb. of coal; 

(c) the thermal efficiency of the boiler ; 

(d) the equivalent evaporation per lb. of fuel from and at 
212° F. ; 

(e) the ratio of heating surface to grate area. 

48. A boiler with economiser taking 8000 lb. of ff'ed water pt^r hour 
needed a coal consumption of 880 lb. per hour. During an expc'riuK'ut 
the whole of the flue gases were passed through the economiser and tlu'ir 
temperature fell from 700° F. to 420° F. in tht' process, while the* ft'ed 
water was raised from a temperature of 100° F. to 225° F. Assuming 
the heat lost by the gases was absorbed by the water, estimate the 
weight of air supplied to the boiler per lb. of coal. Take the sp(‘eilie 
heat of the gases as 0*25. 

49. The following table shows, for an air f/omperature of 00° F. and 
a temperature f F. inside the chimney stack, the theoretical relation 
between the height H of th(' stack in feet and the natural draught r/ or 
suction through the boih'r, measured in inc*lu's of water : 


<° F. ... 

300 

400 

500 

6()(» • 

Relation betwc'en H 
and d - 

H~225d 

H- 18(W 

//-- 156d 

H 139^/ 


\ 



* 


Calculate the natural draught for a stack 175 ft. high for each of the 
stack temperatures given, and by means of a graph find the natural 
draught for a stack temperature of 350' F. aiul ^ — 175 ft. 

If the actual draught required for the plant were 3 in. of wat<'r, du(‘ 
to a superheater, econornisc'r, air preheatf'r and dust extractor in addi¬ 
tion to the boiler, what is the minimum draught to bo supplied by the 
fans? 

50. Sketch and describe a modem condenser suitable for sea water 
cooling. 

51. State briefly the advantages a condensing engine possesses over a 
non-condensing one. 
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52. If an engine discharges dry steam at a pressure of 4J lb. per 
s((. in. absolute, determine how many poimds of cooling water at 16® C. 
must be supplied per min. per pound of steam to a condenser if the 
linal temperature of the cooling water is not to exceed 40° C. 

53. lb. of dry steam at 160° F. and 300 lb. of sea water at 61° F. 
enter a surface condenser each minute. At what temperature will the 
condensate leave if the water leaves at 90° F. ? Specific heat of sea 
\N'ater =0-94. Assume a perfect heat transfer. 

54. State the advantages of a surface condenser over a jet condenser. 

55. Distinguish between and compare the functions of an air pump, 
a fcH3d pump, a condensate extraction pump and a circulating pump. 

56. What do you imderatand by the “ vacuum ” in a condenser, and 
M hy is it necessary ? How is the vacuum obtained ? 

The vacuum in a condenser is 26-9 in. when the height of the baro¬ 
meter is 29*4 in. What is the absolute pressure in lb. per sq. in. in the 
condenser, and by how much is the condenser pressure less than the 
]»r(»ssure of the atmosphere ? Specific gravity of mercury = 13*6. 

(U.L.C.I.) 

57. C^alculate the condt'nsing surface for a surface condenser with 
776 tubes f in. external diam(»ter and 10 ft. long and the heat extracted 
in C’.H.U. per sq. ft. of surface per hour if 3800 lb. of steam are con- 
(U‘nsed per hour and each lb. loses 660 C.H.U. 

58. What advantages accria* from employing a regenerative condenser? 
tlie aid of a diagram describe a surface* condenser employing the 

pi ineiple of regeneration. 

59. The water supplu*d to a jet condenser has a temperatme of 11° C. 
and an average of 12 lb. is supplied per lb. of st«mm. The steam has a 
pi-e^sun* of 1*05 lb. per s(j. in. abs. and dryness fraction of 0-76. Calcu- 
icU(* the resulting t(*mperature of the mixture. /? = 71*1 B.Th.U. 
per 11).; L= 1032 1 B.Th.U. per lb. for 105 lb. per sq. in. abs. 

60. Find the diameter of the inlet branch for exhaust steam to a 
c(>nd(*nser in which tlu* vacuum is 27 in. of mercury. Allow 30,000 lb. 
of st('am per hour and a steam velocity of 300 ft. per second, and deter¬ 
mine tlie volume of tlu* st(*am for a vacuum of 27 in. by means of 
graph, using the following values : 

Vacuum (in.) - - - 27-14 27-04 26-94 26-73 

Vol. of 1 lb. (cu. ft.) - - 242-7 234-8 227-4 214 

61. A parallel flow j('t condenser condenses 30,000 lb. of steam per 
hour and maintains a vacuum of 28-16 in. of mercury (0-9 lb. pjer sq. in. 
abs.) when supplied with cooling water at 60° F, The difference of 
tiMuperature between injection water at outlet and steam at inlet is 
not to be more than 6° F. (’’alculate the quantity of injection water 
ro(|uirod in gallons per minute* 

If the velocity of the cooling water in the injection pipe is limited to 
8-5 ft. per sec., find the neces.sary diameter of pipe. Temperature of 
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steam at 0-9 lb. per sq. in. = 98 2° sensible heat 66 B.Th.U. per lb. 
and total boat — 1100 8 B.Th.U. pei lb. 

62. A condenser condenses 42,000 lb. of st('am per hour with cooling 
water, at 48° F., entering the condenser at the rate of 3000 gallons p('i 
minute. The steam lose';. 1000 B.Th.U. per lb. and suffers a temperatin (' 
drop of 10 F. in the process of condensation. Estimate the vacuum in 
the condenser. 

63. It is required to fit an air pump to a condenser to remove an 
estimated maximum of 48 lb. of air ptu hoiii. The vacuum and tempei <i- 
ture at the point of pump suction are lespectively 28 37 in. of meicui> 
and 30 94° (\ Calculate the volume of an to be itanovt'd in cu ft. pc i 
mm. Vacuum coiresponding to 30 94° C- is 28 67 m. of mercun, 
Ii — 53 2 ft. lb. pel lb per Fahr. degree for air. 1 m. of mercury com - 
spends to 0 491 lb. per sq. m. Barometer reading — 30 inches, oquiv^alc nt 
to 14 7 lb. per sq. in. 


CHAPTER IV 

EXTERNAL COMBUSTION ENGINES—KINDS OF STKAAI 
PRIME MOVER—FUNCTIONS OF PARTS—EN(UNE OPERA- 
TION—PERFORMANCE AND TESTING 

Simple steam reciprocating engine. The main parts of a simple non- 
condensing engine and their functions are shown m the figure and 


in the chart below. 

Mam Parts 

Exj)lanation 

1. Cylinder. CY. 

This receives the steam and acts as container for 
the piston. Some of the heat energy of the 
steam is coiivt^rted into kinetic energy or 
mechanical vvoik b\ giving linear motion to 
the piston. 

2. Piston. P. 

Maintains an almost steam-tight sliding joint in 
the cylinder, and moves under the action of 
the steam pressure. Steel or cast iron rings 
are fitted into grooves m the piston and make 
a joint with the cylinder walls. 
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Main Parts 

Explanation 

3. Piston rod. P.R. 

Tiiis connects the piston to tiie crosshead anti 
transmits the load on the piston. It acts as a 
tie and a strut alternately, according to the 
backward and foiward motion of the piston. 

4. CUland and stuff¬ 
ing box. S.B. 

Prevents steam escaping between the piston rod 
and the cylinder, also between the valve rod 
and steam chest. 

o. CVosshead anti 
gudgeon pin. 
C.H. and G. 

Forma a junction between the piston and con¬ 
necting rods, the load being transmitted 
through the gudgeon pin while the crosshead 
slides along its guides. 

0. (Connecting rod. 
C.R. 

lly an oscillating motion converts the trans¬ 
lational motion of the crosshead to the rotary 
motion of the crank pin. Acts as both a tie 
and a strut, pulling and pushing alternately. 

7. Crank pixi. C.P. 

Receives the thrust and pull of the connecting 
rod, and being coimected to ’ the crank it 
exerts a torcjue or turning moment on the 
crank shaft. 

8. Crank. C. 

Transmits the torque from the (‘rank pin to the 
crank shaft, which rotates in the crank shaft 
bearings. 

9. (Vank shaft. 

C.S. 

Transmits its rotary motion to the machineiy', 
through power pulleys, belt or rope drive or 
tootlied wheel transmission. 

— 

Is driven by the crank shaft and controls the 
motion of the slide valve, through the valve 
rod. 







MAIN PARTS OF A STEAM ENCUNE 161 


Mam Parts 

Explanation 

11. Slide or other 
valve. S.V. 

Controls the admission and exhaust of steam to 
and from the cylinder. Also controls the 
quantity of steam. Slides to and fro on the 
steam chest face. 

12. Governor. 

Controls the engine speed within limits by regu¬ 
lating either steam supply or its pressure. 
Prevents racing or slowing up as the load on 
the engine varies. 

13. Flywheel. F.W. 

Ecpialises the energy of the engine during each 
I'evolution, and carries it past the dead points 
when the crank and connecting rod are in the 
•same straight line. Prevents jerky motion 
and thus reduces fliuduations of speed per 
i*evolution. Is keyed to the crank shaft. 

14. Engine frame or 
sole plate. B.P. 

Takes the reactions of the mechanism and uffoids 
means of support and connection between the 
component parts of the engine. 


The engine is called double acting because steam is admitted first 
to one side of the piston and then to the other. 

The details mentioned vary 
considerable in different en¬ 
gines. Marine and locomotive 
engines possess no flywheel or 
governor, because in each case 
the engine drives a huge muss, 
and there is plenty of time to 
regulate the engine by hand 
to suit the speed and load. 

Marine engines often have a 
governor, which comes into 
action before dangerously high 
speeds can be reached. 

Fig. 55 shows the cross-section of the cylinder of a simple steam 
engine. Steam passes through the steam chest and enters the cylinder 
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when the D slide valve F opens the left-hand port G. The piston 
is pushed forward to the right and the crank rotated. Then at the 
end of its stroke steam is directed through H to the right-hand side 
of the piston and the latter is pushed towards the left, and at 
the same time steam is forced out on the other side through the 


(«) {b) 

Fig. 56. Distiibut ion of steam by .slide valve. 

port G to the exhaust port K and then to the atmosphere. The 
exhaust steam pressure is called the back pressure on the piston. 
Figs’ 56 (flr) and (6) show how the valve controls the flow of steam 
I 

Fig. 517 Arrangement of eccontru* and rods for driving slide valve. 

into the cylinder. T}k‘ valve is usually designed to admit steam 
only during the early part of the stroke. Jt then cuts off the 
supply and allows the steam to expand, and .so economises .steam 

and fuel. To drive the valve an eccen¬ 
tric is often employed, as it acts as a 
small crank on the crank shaft and 
gives the small travel necessary to the 
valve. B is the centre of the crank 
shaft (Fig. 57), while A is the centre 
of the eccentric sheave, which is keyed 
and thus fixed to the shaft. The 
strap C is free to turn on the sheave, 
which rotates and gives the valve a stroke equal to twice AB. 
Fig. 58 shows the piston for a small engine. Both piston and rings 
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are made of cast iron. Large pistons have to be made conical, 

or box-shaped and ribbed, to withstand the large pressures, and the 

materials used are forged or cast steel. 

The rings, which are sprung into position 

and the slots staggered, serve to lessen 

the leakage of steam past the piston. 

Fig. 59 shows a simple stuffing box and 

gland. Set screws D tighten the gland 

C on to the asbestos packing B. The 

more efficient metallic packing used on 

large modern engines offers much less Fi«. 59. Stuffing box and 

frictional resistance and allows l(‘ss rendering piston 

steam tight. 

leakage. 

In Fig. 60 the brass bearing blocks B lessen the friction between 
the crosshead gudgeon pin and the small end of the connecting rod. 
These brasses are made in halves, and in such a way that when the 
steel bolts and cap C are in position and tightened they cannot move 



Fig. go. Side elevation of a rrosshoad. 

in any direction relative to A. Check nuts and split pins prevent 
any loosening of the nuts, and provide an efficient fastening in a 
case where too much tightening of the nuts would cause the brasses 
and the gudgeon pin to seize and prevent rotation. The main 
part A of the crosshead is provided with a flange sliding between 
guides which are not shown. Adjustment for wear of the brasses 
is made easy by the insertion of flat liners l)etween the two portions. 
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If the holts are just slackened these liners can be removed and 
ground down to the correct thickness. The small connecting rod 
shown in Kg. 61 is forked at its small end A to take the gudgeon 



Fig. 61. Connecting rod. 


pin B. The rod tapers towards the big end and is palmed at C. 
Two steel bolts pass through the brasses and connect the cap E to 



Fig. 62. A bent form of crank shaft. 


C. The bearing blocks D are often made of bronze and lined with 
white or bearing metal to lessen friction. Fig. 62 shows a small 
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bent-up crank shaft, and Fig. 63 a sectional elevation of the main 
bearings. D forms a small oil reservoir for lubricating the bearing, 


in which bearing blocks are made 
similarly to those already described. 

A large flywheel is necessary if the 
jerky motion of the engine is to be 
reduced to a minimum. It forms a 
reservoir for energy by regulating the 
inward flow of energy from the engine 
and the outward flow to the machines. 
However, it cannot alter the tot'.l 



amount of energy stored or prevent a Sectional elevation 

, , , I . 1 of a main bearing, 

gradual steady mcrease, or decTease, 

of sj>eed, so that a governor has to be emjiloyed. The latter 


keeps the engine at a steady mean speed by regulating tht‘ 


supply or pressure of steam to the cylinder Fig. 64 shows a 



diagrammatic arrangement for 
achieving control over tlu* 
steam supply. The governor a 1- 
ters the position of the throttle 
valve C, so as to obstruct the 
flow of steam when speed is 
increasing and to widen the 
passage when speed slackens. 
The engine speed is communi¬ 
cated to the shaft H from the 
pulley K through bevel wheels 
L. The higher the speed the 
greater vnW be the tendency 
for the heavy balls F to fly 


Fio. 64. Diagram showing how the outwards and raise the dead 
governor controls the «tea.n supply. p sleeve N. This 


<*au8e8 the bell crank lever Q to pull S inwanls and start closing the 
valve C about its fulcrum D. A slowing of the engine speed will 
cause motion in the reverse direction, tending to open the valve. 
The load P steadies the action of the governor and gives it a wider 
range of action. 
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Lubrication of the piston and crosshead is often carried out by a 
drip feed arrangement, the rate of dripj)ing being controlled by a 
needle valve. The main bearings are often lubricated by ring oilers 
—metal rings dipping into oil wells and lifting oil to the shaft as the 
latter drags them slowly round. The crank pin is often bored, and 
oil from a sight feed lubricator fed to the centre of the pin, whence 
it is thrown outwards to the bearing by centrifugal force. 

The efficiency of the engine just described is not very high, 
probably not more than 10%. In modem plants the efficiency is 
increased by employing (a) a condenser so as to allow for expansion 
of the steam below atmospheric pressure and reduce back pressure, 
(6) metallic packing in stuffing boxes to lessen friction, (c) forced 
lubrication to all bearings by means of pumps, (d)* improved valves 
and valve gears, (e) more sensitive governors, (/) means of lessening 
condensation in the cylinders, (g) the use of superheated steam, 
(h) lagging for pipes and cylinders to prevent radiation losses, (i) 
improved workmanship and better materials, giving lightness and 
greater efficiency in boiler, engine and condenser. As an alternative 
to (a), if the steam is not fully expanded in the main engine it can 
be used as process steam in dye-works, laundries, or used to run 
back pressure engines or low pressure turbines, or for preheating 
both feed water and air to the boilers. 

Construction for determining the position of the piston. The 
following construction will give the position of the piston for any 
crank angle. With centre C (Fig. 65) representing the crank shaft 
centre, describe a circle with radius r to represent the path of the 
crank pin. Draw RL as a diameter and produce it to represent the 
line of the stroke of the piston. Make the angle BCL to correspond 
with the position of the crank for which the position of the piston 
is required. With centre B and radius equal to the length of the 
connecting rod, describe an arc cutting the line of stroke at A. Then 
A gives the position of the crosshead pin for the crank position CB. 
If DL and ER are made equal to AB, then D and E mark the limits of 
travel of the crosshead pin, and thus also represent the limits of 
travel of the piston itself, since the crosshead and piston are rigidly 
connected. When the crank passes through the positions CL and 
CR it is said to be on the dead points, L being called the inner dead 
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point or centre, and R the outer dead point or centre. With centre A 
and radius AB describe an arc cutting LR at P. Then, because DL 
and AP are both equal to AB, LP is equal to DA. Thus LP represents 
the forward travel of the piston from the inner dead centre when 
the crank is in the position CB. 

It should be noticed that the greater the ratio of connecting rod 
length AB to crank length BC, the more nearly does the arc BP 



Fi«. 65. Construction for finding the piston position. 


approximate in position to the perpendicular from B on to LR. In 
fa(‘t, in practice, the perpendicular is often drawn in place of the 
arc for the sake of simplicity. The construction just described will 
be used later when dealing with valve diagrams. 

Turning moment on the crank shaft. For any i)osition of the 
j)iston the forces acting on it are transmitted through the piston 



Fig. 6(>. Measurement of the turning moment. 

rod and crosshead to the connecting rod, and so a push or pull is 
exerted on the crank pin. The forces acting on the crank pin tend 
to rotate the crank shaft; this tendency is called the turning 
moment, and its magnitude is given by the product of the magni¬ 
tude of the force Q (Fig. 66) acting at that instant along the eon- 
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necting rod and the perpendicular distance CD from C on to the 
line AB produced. 

By finding the turning moment on the crank for various angular 
positions, diagrams can be constructed, and these turning moment 
diagrams, as they are called, are used for determining the size of 
flywheel necessary for the engine, since the flywheel is to balance 
the effort during a revolution. 

Example. Einfl the turning mmnent on the crank if the force act 'utg 
along the connecting rod is 18,000 lb. and the perpendicular distance of 
the crank shaft centre on to the connecting rod is 23 in. 

n. . . 18,000X23 

Turning moment —- ^ -or 34,500 lb. ft. 

The forces acting on .the crosshead pin consist of (1) the piston 
load transmitted along the piston rod, (2) the force acting along 
the connecting rod, and (3) the reaction of the guides on the cross¬ 
head. If friction is neglected, the latter force acts normally to tht‘ 
guides. When the piston load is known for any given position, 
the magnitude of the other forces may be determined by employing 
the principle of the triangle of forces. 

The crank and connecting rod mechanism is of fundamental 
importance to the engineer, and the following experiment should be 
carefully performed and the results obtained studied. The high 
speeds of modern reciprocating engines demand high piston acc‘elera- 
tions, and consequently large forces to produce them. Every 
endeavour is made to make the reciprocating parts light and strong, 
since the force necessary to accelerate the parts varies jointly as the 
mass of the parts and their acceleration. For this reason engine 
designers give great attention to the selection of materials which 
offer a large resistance to the forces set up in them, and thus reduce 
the weight of the reciprocating parts to a minimum consistent witli 
safety. 

Expt. 32. Crank and connecting rod mechanism. 

Objects, (a) To investigate the relative piston displctcement irith 
crank movement. 

(b) To compare the piston velocities daring one crank revolution. 



CRANK AND CONNECTING ROD MECHANISM im 

(c) To compare the piston accelerations during one crank revolu¬ 
tion. 

Apparatus. A wooden board secured to a vertical wall with a 
rotating crank, connecting rod and piston mechanism mounted on 
the board. The piston guides are graduated in inches for the stroke 
length, and the crank pin circle is graduated at 30° intervals (Fig. 
07). 

Method of procedure. Set the crank at its inner dead centre 
position O on Fig. 67, when the arrow on the model piston should 
be opposite O on the guide scale. Give the crank a rotation of 30°, 
and note the piston displacement by the position of the arrow 
relative to the guide scale. Repeat the experiment for each 30° of 



P'lG. 67. Engine mechanism. 


crank rotation and tabulate the results. Now if the crank pin 
rotates at a uniform speed, each 30° will be covered in the same 
time, so that the mean velocity of the piston will be proportional to 
^. displacement displacement , 

tiSi^for Wrotation =- \ - 

rotate the crank 30° is regarded as the unit of time, thus the mean 
\'elocity is proportional to the difference between the two consecutive 
displacement readings for each 30° of crank rotation. These should be 
assigned positive or negative values, according to whether the dis- 
])la cement is increasing or decreasing. Since acceleration is the rate 
of change of velocity, the mean piston acceleration may be deter¬ 
mined by the difference of two consecutive velocity readings for 
30° of crank rotation. Graphs can then be drawn of piston dis- 
]dacement, piston velocity and piston acceleration against crank 
rotation (Fig. 68). 

Note. In determining the acceleration due regard must be 
given to the sign of the velocity, for example, the mean velocity 
between 330 and 360° is -1*75 and between 0 and 30° is -f 1*75, 
so that the change of velocity is 1-75-1*75 or -f 3*5. 
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(a) The piston displacenient 
iiicTcases with the crank an<ile 
up to the outer dead ceiitr(\ 
and then decreases until the 
inner dead centre is reached, 
with aj)])roximately 8im])ie h.ir- 
monie motion. 

(/>) The piston velocity in¬ 
creases to mid-stroke, falls to 
zero at the ends of stroke, .okI 
assumes a negative value on 
the return stroke. 

(c) The piston acceleration is 
a maximum at the inner dead 
centre w^here the velocity is 
changing from positive to iu‘ga- 
tive, is zero towards the middle 
of each strokt*, and attains a 
supplementary but lesser ma \ i- 
mum at the outer dead centre 

Batio of expansion. This is 
given by the fraction 

clearance volume + stroke 
volume 

volume up to point of cut-off 

The clearance volume is the 
volume at the cylinder end not 
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;swopt by the piston. This is necessary for mechanical reasons, to 
k(‘ep steam to act as a cushion in bringing the piston to rest without 
slioc'k at the end of each stroke. If the exhaust valve is shut before 
the end of the exhaust stroke, the piston compresses the trapped 
steam and raises its temjxjrature. In this way the steam about to 
enter the cylinder for the next stroke is not cooled and condensed to 
the same extent by coming into contact with cold parts. Clearance 
i.s usually small, but its effect is to raise the expansion curve, which 
compensates somewhat for the work done in compression. 

The hypothetical diagram. The theoretical diagram ABODE in 
Fig. 69 of the work done in a steam engine cylinder with hyper¬ 
bolic ex])ansion has been mentioned in Chap. II. This diagram 
is generally referred to as the hypothetical diagram when (a) the 
clctirance volume is neglected, (b) the valves act instantaneously in 
opening and closing, and (r) the steam, during admission and during 
exliaust, remains at constant pressure. The mean pressure is 
calculated by the formula : 

/l+loger\ 

Pm = Pi(^--;-Pb, 

vIktc = absolute pressure of the steam supply in lb. per sq. in. 
r= ratio of expansion, 

hyperbolic or Napierian logarithm of r, 

absolute back pressure on the piston throughout the 


stroke, 

1 B c 

p^==the mean effective 


i* ''A 

pressure (M.E.P.) dif- ^ 



feren(^e*orriKe*piston | 


' V 

in lb. per sq. in. § 


i. 

\ -- - 

The actual M.E.P. is always 



less than the value calculated bv 


.. __/-i 


means of this formula. The pro- Fig. 69. Hypothetical and pro¬ 
bable diagram in practice is hable indicator diagrams. 

shown by the dotted lines abedefg (Fig. G9), and the ratio 

_actual diagram area 

area of hypothetical diagram' 
is called the diagram factor. 
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Providing the hypothetical and actual indicator diagrams are 
drawn to the same pressure and volume scales and both diagrams 
are based on the same cylinder dimensions, the diagram factor 
already defined may be replaced by the equivalent ratio ; 

Probable or actual mean effective pressure 
Hypothetical mean effective pressure 

The expression 

Probable or actual mean effective pressure Diagram factor 
multiplied by hypothetical mean effective pressure 

is in a very convenient form for dealing with problems on cylinder 
design. 

Napierian logarithms. In this section of the work on heat engines 
the natural or Napierian logarithm is used, and the logarithm of a 
number is taken to the base c, where e is 2*7183 approximately, 
instead of, as in common logarithms, to a base of 10. In order to 
obtain the Napierian logarithm of a number, the logarithm of the 
number to the base 10, or the common logarithm, is multiplied by 
2*3026. 

Example 1. Firid the logarithm of 3 to the base e, i e, log/S. 

log^3 =2-3026 ^ logio3 = 2 3026 / 0-4771 = 1-0986. 

Example 2. In a steam engine cylinder the initial pressure is 90 lb. pir 
sq. in. absolute, and the cut-off is at ‘I stroke. Estimate the M.E.P., 
assuming a back pressure o/ 15 W. per sq. in. absolute. 

Here r =^90 lb. per sq. in., p^ = 15 lb. per sq. in., log^r = 0 9806. 

Therefore = 90 - 15 -- 51-8 lb. per sq. in. 

This result could also be obtained by drawing and measurement. 

On the pressure axis (Fig. 70) mark off OA and OB to repn‘s('nt 
15 lb. per sq. in. and 90 lb. per sq. in. respectively, and mark off 8 units 
■on the volume axis to represent the stroke volume. C indicates th(' 
point of cut-off if BC represents three-eighths of the stroke volume AE. 
To draw the expansion curve CD, which is assumed to be a hypc*rbolji, 
(*hoose a number of points p, q, r and s in BC produced and join them to 
O. These radial lines cut the perpendicular CF through C in the points 
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a, b, c and d respectively. Then by completing th€' rectangles Cawp, 
Chxq, Ocyr and CdD^, the points tr, y and D on the expansion curve 
iiio obtained. Draw a smooth curve through the points C, te, a;, y and 
D to complete the expansion curve. The hypothetical diagram ABODE 
completed by the lines DE and EA, and this area represents the useful 
work done in the cylinder during one stroke, while OPEA represents 
ttie work done in overcoming the back pressure on the piston. 



Fig. 70. C\)iistriK*tion of a rect-aiigular hyperbola. 


Now determine the area of the figure ABODE either by means of a 
j)lanimeter, by counting squares, by employing the mid-ordinatc rule 
or by Simpson’s rul(‘. 

If a planimeter is (mj)loyed the result could be obtaineil as follows : 


Ar('a by planimeter 1st reading - 2nd reading 
- ((14 07 - 60-74) sq. in. 

3*33 sq, in. 

r^mgth of base 3*2 in. 


Average height of diagram = 


area of diagram 
length of base 
3-33 sq. in 
3-2 in. 


- 1-0406 in. 


On the pressure scale 1 in. represents 50 lb. pt'r sq. in. 

1-0406 in. represents 1-0406 x 50 or 52 lb. per sq. in. 
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Example 3. The diameter of a steam engine cylinder is 6 in. and the 
stroke 10 in. If the initial pressure of the steam entering the cylinder is 
220 lb. per sq. in. abs. ami the back pressure is 3 lb. per sq. in. abs., find 
the mean effective pressure. Neglect clearance and take the cut-off at 
I stroke. Taking a diagram factor of 0*7, estimate the actual mean effective 
pressure. 

« - „ 220 lb. per sq. in. 

Pm Pt\ ^ ) Pb 


- 131*25-3- 128 25. 
Ans. 128*25 lb. per sq. in. 


7)5 = 3 lb. per sq. in. 

logior-0*6021. 

log^r-O 6021 > 2*3026 - 1*3863. 


If the diagram factor is 0*7, actual moan effective pressure 0 7 
128*25 or 89*8 lb. per sq. in. 


Admission. It is usual to admit steam to the cylinder a little 
before the piston gets to the end of the exhaust stroke, so as to ha\'c* 
plenty of steam available on the forward stroke. On the diagram 
(Fig. 09) this would produce the inclined line ab instead of tlu^ 
vertical line. The lead of a slide valve is the width of steam port 
uncovered for the admission of steam at the commencement of 
either stroke of the piston ; i.e. it is the amount by which th(‘ 
valve “ leads ” or opens the steam port before the piston starts to 

move from a dead point. To obtain the 
lead the eccentric must have moved the 
valve a distance equal to the outside laj) 
plus lead from the mid-position shown 
in Fig. 71. The steam or outside lap is the 
name given to the length I at each end 
of the valve where it protrudes l)eyond the steam ports and Sg. 
When the valve is in the position shown, the eccentric should also 
be in its mean position and ready to move the valve to its extreme 
position in either direction. 

Suppose the eccentric’s position is represented by OU in Fig. 72, 
where \gR represents the travel of the valve, or twice the throw of the 
eccentric. To supply lead to the valve the eccentric must have 
moved through an angle a to OE^, where OM is the steam lap, MN the 


W/. 


Fig. 71. 


Outside lap. 
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lead and EjN a perpendicular on to OGj. This will be fairly repre¬ 
sentative of the actual facts, l)ecau8e the eccentric rod is long and 
its inclination to the line of stroke can be neglected. In other 
words, the travel of the valve is 
assumed to l)e the same as the 
horizontal movement of the eye 
or centre of the eccentric sheave. 

OCi represents the position of the 
crank at the commencement of a 
])iston stroke. Thus the angle of 
advance of the eccentric is the 
angle by which it is in advance 
of the crank minus one right 
angle ; for example, if the eccen¬ 
tric is 120^ in advance of the 
crank the angle of advance will 
be 120''-90"' or 30 \ The crank 
and eccentric will always be separated by the angle As 

the piston moves forward and gathers speed the steam supply is 
restricted by pipes, passages and valves and cannot quite keep up 
with the piston, and there is a throttling of the steam, that is, a 
gradual drop of pressure with practically no work being done. This 

is shown by the dotted line he (Fig 69). 
^ Cut-off and expansion. This occurs 
^ when the valve, moving this time to 
the left, is in the position shown in 
i ^ Fig. 73. The left steam port Sj has just 

Fig. 73. Lap in a slide been closed, and the greater the outside 
\alvo for expansive working, earlier will closing occur in the 

piston stroke. It can be eixsily seen that the advance given to the 
eccentric also means an earlier return of the valve and an earlier 
cut off of steam supply. Thus both outside or steam lap and giving 
advance to the eccentric are necessary for expansive working. 
Earlier cut-off can also be effected by decreasing the travel of the 
valve without altering the lead. As the valve closes, the steam has 
to pass tlirough a rapidly diminishing opening, and a rapid drop in 
pressure is caused. The steam is saki to be wire draum^ and tlie 


FirT 
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eflfectr produces the • rounded dotted curve cd (Pig. 69). Wire¬ 
drawing is more .noticeable for high ratios of expansion. 

The expansion curve which steam follows in the engine cylinder 
varies according to the type of engine and running conditions. Its 
equation is probably something like = const., which is not 

strictly either isothermal or adiabatic, but an expansion which is 
between isothermal and adiabatic. 

^ ^ Exhaust and cushioning. To reduce the back pressure and allow 
of a quick discharge of steam the exhaust valve is arranged to open 



Fio. 74. (a) Valve having positive Fig. 76. Setting of the 

inside lap. eccentric for a valve hav- 

(6) Valve having negative ing positive inside lap. 

inside lap. 

a little before the end of the stroke. This effect is shown at the toe 
of the diagram (Fig. 69) by the rounded end e/, where the release* is 
shown by the rapid drop in pressure to exhaust. Exhaust or inside 
lap controls the timing of the opening of the exhaust valve to the 
release of steam. Positive and negative inside lap are shown in 
Fig. 74. Fig. 75 shows the valve with positive lap moving to the 
right and about to close the left-hand port to the exhaust. The 
position of the eccentric must be OEg for opening and OE 4 for 
closing. This gives the corresponding positions OC^ and OC 4 for 
the engine crank. The crank position OC^ shows that the exhaust 
valve is opened before the end of the stroke. OC^ marks the crank 
position when the exhaust closes and the steam in the cylinder is 
compressed and cushioned. Positive inside lap produces later 
release and earlier cushioning. In Fig. 69 point e marks the opening 



THE SLIDE VALVE AND STEAM CONTROL 


177 


of the exhaust valve and g the closing while the portion ga repies^ts 
cushioning. The latter operation completes the cyde. When the 
inside lap is negative, E3 and E4 fall on the opposite side of the 
vertical through the centre by the same amount i. This means that 
opening to exhaust, or release, occurs earlier and cushioning later. 
The foregoing facts are best studied and verified by employing a 
model of the valve mechanism. 

Summary of results. The positions of the eccentric centre 
etc., relative to the crank shaft centre O for the commencement and 
completion of the major operations in , 

the simple reciprocating steam engine 
are shown in Fig. 76 for a slide valve ^ 

with no inside lap. In this diagram ^ 
the eccentric circle may be drawn T \ 

full size, and the same circle can re- ^ / O ; ! \ 

I)resent the crank pin circle to some / 

.scale. Thus the point represents ^ \ ; j 

the position of the crank pin when \ \ ; / 

the eccentric centre is at Eq, and 

similarly for the other points. EjOE4 _ 

is the angle of advance. If OM is the 

outside lap Z, then a perpendicular Fig. 76. Events for left-hand 
through M will mark the points Eq piston, 

and Eg, which are the positions of the eccentric centre for admission 
and cut-off respectively. Also, if the angles EqOCq and EgOCg are 
made equal to the angle E^CX^j, then Cq and Cg will mark the corre¬ 
sponding positions of the crank pin at admission and cut-off. This 
should be readily understood as the distance OM measures the travel 
of the valve from its mid-position, when the left-hand port is about 
to open to steam and the valve is moving to the left, or about to 
close to steam when the valve is moving to the right. In Fig. 77 
the positions of the valve at admission, dead point and cut-off are 
shown at 0,1 and 2. 

With no inside lap the valve begins to release steam from the 
left-hand side of the piston directly it moves from its mid¬ 
position towards the left. Hence the eccentric centre will be at 
*^3 76 ) and the crank at C3. At cushioning, or the com- 


Fig. 76. Events for left-hand 
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mencement of compression and the closing of the port Sj to the 
exhaust of steam, the valve will have returned to its mid-position, 
but now travelling to the right, and the positions of the eccentric 
centre and crank pin centre vriW be at E 4 and C 4 respectively. The 
angles E3OC3 and E4OC4 are made equal to EiOCj as before. The 
valve positions at release of steam to exhaust and at cushioning 
are shown at 3 and 4 in Fig. 77. 

The corresponding diagram showing the eccentric and crank pin 
centres at admission, cut-ofiF, release, and cushioning for the right- 



Fig. 77. Valve positions Fkj. 78. Events for the right- 

for events of the left-hand hand side of the piston, 

side of the piston. 

hand steam port and the right-hand side of the piston are shojvn 
in Fig. 78. 

It is important that the student should study the above results 
in conjunction with an experiment on a model of a slide valve and 
steam engine mechanism, noting carefully the eccentric and crank 
positions for steam action and exhaust action on both sides of the 
piston. 

Expt. 33, A simple slide valve. 

Objects, (a) To show the effects of angle of advance and lead. 

(b) To show the effects of outside and inside lap upon the steam 
distribution. 

Apparatus. The apparatus for this experiment consists of a 
wooden model of a steam engine mechanism with a crank connect- 
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ing rod, piston, piston rod, cylinder, steam chest and a “ Z) ’’ slide 
valve (Pig. 79). The eccentric is made so that, by means of a 
(log clutch and thumb screw, it can be rotated and clamped wdth 
varying angles of advance. Pieces of wood, with dowels, are 
made which can be fitted to the slide valve to form outside and 
inside lap. 

Method of procedure. Arrange the eccentric so that it is 90° 
in advance of the crank when this is at the inner dead centre. In 
this position the slide valve is in mid-position and the piston is at 
the end of its stroke ; thus there is no admission of steam to drive 
the piston on its return stroke or to cushion its forward stroke. 
Next move the eccentric so that it is about 120° in advance of the 


OUTSIDE LAP INSIDE LAP 


im 



Fio. 79. Model of simple slide valve. 


crank, and notice that the steam port is open, and has admitted 
steam before the piston reached the end of its stroke. This open¬ 
ing to steam is known as the lead of the valve, and is the amount of 
steam port open when the piston is at the end of its stroke. Vary 
the angle of advance and note its effect on the lead. Attach to the 
valve on each end the strips to produce outside lap and arrange 
the angle of advance accordingly ; carefully revolve the crank, and 
notice the effect of this outside lap on each side of the piston. No>v 
add the strips for inside lap and again revolve the crank. Notice 
the effect of inside lap, particularly its connection with exhaust. 
Draw a circle 4 in. in diameter and carefully mark, in the form 
of radii, the crank position at admission, cut-off, release and compres¬ 
sion respectively. Draw four diagrams to show^ the relative position 
of the valve with the ports on the valve face for each of the four 
events. Compare these positions with the corresponding positions 
when the eccentric is set with no angle of advance. 
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Conclusions. From the experiment write out the following 
conclusions: 

( 1 ) The effect of angle of advance and lead. 

( 2 ) The effects of outside lap on steam admission and exhaust on 
both sides of the piston. 

(3) The effects of inside lap on steam admission and exhaust on 
both sides of the piston. 

(4) From the experiments carried out with the valve to determine 
the four events, construct an approximate indicator diagram for 
this model engine. 

Reversal of rotation of the engine. Referring to Fig. 76, it should 
be noticed that if the eccentric were keyed in the position OEi, when 
the corresponding position of the crank is OCj, then the rotation of 

the crank is clockwise as shown 
in the diagram. If, however, the 
eccentric were keyed in a position 
symmetrically opposite toGEj (i.c. 
near the position marked OEg) 
while the relative crank position 
is at OCi, then the crank w^ould 
be given anticlockwise rotation. 
This is because, for the two sym¬ 
metrical positions of the eccentric 
just specified, the valve would be 
in the same position relative to 
the cylinder ports but would be 
caused to move to the right for 
one position of the eccentric and 
to the left for the other. Thus io 
reverse an engine with an eccentric 

Fig. 80. Construction for deter- operaterf slid^ valve, the centre line 
mining the probable indicator dia- of the eccentric must be moved over 
gram for a given slide valve. ^ ^ symmetrically opposite position 

when the crank is at one of the dead centres. 

Probable indicator diagram. Using the construction for deter¬ 
mining the piston position for various crank angles, already given 
on p. 167, it will be found that P^, P^, Pg, P 3 (Fig. 80) will mark the 
relative positions of the piston if O is regarded as the mid-position. 
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By projection from Pq, Pj, Pg, P 3 the probable indicator diagram 0, 1, 
2, 3, 4 may be constructed, 2, 3 marking the expansion curve and 
4, 0 the compression curve. (See Expt. 33.) 

Eccentric and crank positions for a valve with inside lap. Fig. 81 
shows how exhaust lap equal to OT affects the position of the 
eccentric centre at release (Eg) and cushioning (E4), By rotating all 
the lines excepting anticlockwise through 90® +a, then the 
points E 4 , Eg, etc., will fall upon corresponding crank positions when 
the difference in scale due to the difference in the throw of the 
eccentric and the length of the crank is considered. This is shown 



Fig. 81. Valve diagram giving Fig. 82. Valve diagram giving 

eccentric positions. crank positions. 

in Fig. 82, and this form of diagram is useful in simple problems on 
valve positions. The fraction of the stroke, say at cut-off, may be 
found by obtaining the relative position of the piston Pg by the con¬ 
struction already given on p. 167. Now, referring to Fig. 82, 

E P 

fraction of stroke at cut-off = 

EjB 
E X 

An approximate value would be the ratio , where X is the foot 

of the perpendicular from Eg on to E^B, a value which ignores the 
effect of the connecting rod on the piston positions. The larger the 
ratio of the length of connecting rod to that of the crank the closer 
V’ill the points X and Pg be together. 
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Example 1. The throw or eccentricity of an eccentric is in. The 
mUside lap is J in,, and there is no inside lap. Determine (1) the valve 
travel, ( 2 ) the maximum port openirvg to steam. 

Valve travel = 2 x throw = 2 x If or 3i in. 

The maximum opening of port to steam occurs when the valve is 
at the end of its travel, and when it has moved If in. from its mid- 
position. A travel equal to the outside or steam lap must occur before 
the port is opened. 

Hence maximum opening to steam = J travel - outside lap 

= If in. - I in. 

= 1 in. 

Example 2. AD slide valve has a | in, outside or steam lap and the 
travel of the valve, which just gives a full port opening to exhaust, is in. 
Assuming a port opening o/ 11 in,, calculate the necessary inside or exhaitst 
lap and the maximum steayn port opening at this travel. 

Half-travel of valve = J x 4| or 2 ^ in. 

To effect a full port opening to exhaust the valve must travel from 
mid-position a distance equal to the port width plus inside lap. 

Hence inside lap — 2 -^^ in. - If in. = in. 

Maximum steam port opening = half-travel - outside lap 

= 2 - 1 ^ in. - f in. 
in. 

Example 3. If a lead of f in, is given to the valve of the dimensions 
given in Example 2, determine the angle of advance given to the eccentric. 

If reference is made to Fig. 81, 

Outside lap OM = } in. Lead = MN - f in. 

Half-travel = OEj = 2i^ in. 

/. sine of angle of advance = = 0*4848 ; 

angle of advance (from trigonometrical tables) = 29°. 

Example 4. Using the principle illustrated by the diagram (Fig, 82), 
determine graphically the angle of advance of the eccentric and the crank 
positions al admission, cut-off, release and compression 

Given information, 
travel = 4f in., 
inside lap = in.. 


outside lap= } in., 
lead = f in. 
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Draw a circle (Fig. 83) 4| in. in diameter, with centre O and the 
diameter E^OB. With centre and radius equal to the lead describe 
a circle. Also with centre O and radius | in. equal to the outside lap 
describe a circle. Now draw a common cross tangent E 0 ME 2 cutting 
tlK‘ original circle at Eo and E*. Join Eo and E, to O, and with centre O 
draw a circle of -fe in. radius, while .through O draw the centre line 
CD parallel to EqE... Then draw E 4 E 3 tangential to the inside lap circle 
and parallel to CD. Join E 4 and E 3 to O, and then E^OC is the angle 
of advance. In this way the position of the crank is obtained for the 



main operations ; OEq is the crank position at admission ; OE, at cut¬ 
off ; OE 3 at release and OE 4 at compression or cushioning. 

Answers. Angle of advance = 29° ; admission, 355; cut-off, 124}° ; 
ri‘l('asc, 161 ; compression, 317}°. All angles measured clockwise 

from OEj, except the angle of advance. 

Piston Valves. Eccentric operated slide valves do not allow 
of early cut-off or of variation of cut-off while running. This has 
led to the introduction of valve gears and link motions of various 
types with the object of varying the cut-off and for reversing. 
Improvements in the slide valve itself have been made. The slide 
valve nowadays is generally replaced by piston valves, or by drop 
valves after the style of those used in most motor car engines. Piston 
valves work over steam and exhaust ports in much the same way as 
the slide valve, and the steam control is essentially the same. Piston 

N B.B.E.S. JT 
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valves have steam and exhaust laps as with the slide valve. These 
valves are usually operated by valve gears, which complicate the 

treatment. 

A simple type of piston valve is 

shown in Fig. 84, in a position when 

it is just closing the right-hand port 

to exhaust. The valve slides in a 

cylinder which is fed at each end with 

boiler steam. Three deep grooves cut 
IiG. 84. Piston valve. • t j . r 

m this cylinder serve as entrances for 

the ports of the main engine cylinder, in such a way that steam can 
pass circumferentially around the piston valve and equalise the 
pressure. Thus the piston valve requires less effort to operate it 
than the unbalanced D type, and brings about a more even distribu¬ 
tion of steam. 

Stephenson’s link motion. This is shown in outline in Fig. 85. 
OC represents the crank in any position and OEj and OEg represent the 


C 



Fio. 86. Diagram of Stephenson’s link motion. 

centre lines of two eccentrics. If the eccentric OEj were connected 
directly to the valve, the engine would rotate in the opposite direc¬ 
tion to that if connected directly to OEg, since the valve would be 
driven in opposite directions for corresponding positions of the 
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piston. The object of the link motion is to use the eccentric OE^ 
for one Section of rotation of the crank, and OEg for reversing the 
direction of motion of the engine. In operation the valve rod SV 
engages with the curved link AB at S by means of a block which may 
slide in the link. The radius of the link AB is made approximately 
equal to the length of the eccentric rod employed. A system of 
levers is used to raise or lower the curved link AB, a bell crank lever 
GDF pivoted at D being connected to AB by the rod FB, while the 
bell crank lever is operated by the levers KL and HG. When S and A 
are close together, the valve receives its motion directly from the 
eccentric OEj, the other eccentric OEg merely causing the link AB to 
oscillate without any appreciable effect on the valve motion. When 
B and S are close together, then eccentric OEg has a greater control 
of the valve motion, and the engine is caused to rotate in the 
oj)posite direction. 

in any intermediate position of the block S between A and B, 
both links will contribute towards the motion of the valve. Notch¬ 
ing up, or raising, AB from the 
extreme forward position tends 
to alter the lead given to the 
\alve, to lessen the travel and 
diminish the opening to steam, 
so causing steam admission and 
other events to occur earlier. 

Value of expansion and a high 
vacuum. The benefits of utilis¬ 
ing steam expansion are illus¬ 
trated by the curve (Fig. 86). 

These benefits are made possible 
by the high vacuum created in 
the condenser, which reduces the 
back pressure and allows more work to be done in the cylinder. 
However, it is a disadvantage to carry expansion below the back 
jiresHiire, as then work has to bo done by the engine. The cut-off 
of the steam supply must not be so early as to bring this about. 
The great disadvantage of large expansion is the increased con¬ 
densation of steam in the cylinder duo to the cooling action of 


I' 
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Amount of mrk done as compared 
with no expansion 

Fig. 86. Value of expansion. 
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low-pressure exhaust steam passing to the condenser prior to the 
next entry of boiler steam. As the pressure drops towards the 
end of the stroke, there is a tendency to re-evaporate some of the 
condensed steam, which still further cools the cylinder. Assuming 
hyperbolic expansion or PF=const., the curve (Fig. 86) shews, for 
the same weight of steam, the proportionate increase in the amount 
of work done per stroke as the ratio of expansion is increased. Thus 
for a ratio of expansion of 7*4, three times as much work can be 
done per lb. of-steam with expansion as with no expansion. This, 
of course, neglects all losses which might occur because of expansion. 

Watt’s discoveries. Among the developments mentioned in the 
previous work the following can be attributed to James Watt (1736- 
1819), the famous Scottish engineer and inventor : 

(а) the employment of a separate condenser, 

(б) the introduction of the double-acting engine, 

(c) expansive working of the steam with the slide valve and early 

cut oflF, 

(d) the governor as a speed control mechanism in the form of the 

pendulum type of centrifugal governor, 

(e) the indicator, which will be described later in this chapter. 

Means adopted to lessen cylinder condensation. (1) Ensure dry 
steam entering the cylinder by lagging all pipes and cylinders with 
non-conducting material to prevent cooling (see Expt. 26); also )>y 
inserting steam separators, steam traps or steam purifiers in the 
pipe line near the engine. The pipe line steam purifier works on 
the same principle as the one described for boiler use in Chap. III. 

(2) Jacketing. This involves enclosing the cylinder in a steam 
jacket of boiler steam to prevent excessive cooling. The larger the 
cylinder, the greater the expansion in it, and the slower the speed 
of the engine the more important does jacketing become. Although 
boiler steam is used, it is justified and more than repaid by reducing 
condensation inside the cylinder, the walls of which are kept hot. 

(3) Superheating the steam. Condensation is reduced about 1 % for 
every 8°F. of superheat. Superheated steam must be cooled to 
below its saturation temperature before it can become wet. This 
has led to its increasing use in engines and turbines. In addition, 
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the available heat energy in superheated steam is higher, and a 
greater h^at drop is possible with a larger conversion to mechanical, 
energy. 

(4) Increasing the engine speed. Thii^ means that the steam is not 
retained so long in the cylinder, and the opportunity for condensa¬ 
tion is reduced. Leakage of steam is also reduced. 

{.*)) Compounding. This is the name given to the method of allow¬ 
ing the steam to be expanded in two or more cylinders of successively 
increasing diameters, but of the same stroke or length, the cut-off 
l)eing adjustable for each cylinder. In this way (a) the range of 
temperature between inlet and exhaust steam is reduced in any one 
cylinder with a consequent lessening of condensation; (6) any re- 
cvaporation which occurs is not lost, but is passed to the next 
cylinder; (c) by arranging a fair distribution of work between the 
cylinders, these are subjected to less strain on the working parts, 
and a lighter engine is possible owing to the smaller range of tempera¬ 
ture and pressure; (d) greater eflSciency is possible, since the full 
expansion of the high-pressure steam can be carried out; (e) a more 
even turning moment can be arranged as each piston drives a 
different crank, and these can be arranged to give less variation of 
torque and thus better balance. In compounding, the ratio of 
expansion allowed in one cylinder is never more than five, and 
receivers are generally placed between cylinders to serve as steam 
reservoirs. A triple expansion engine has a high-pressure, an inter¬ 
mediate and a low-pressure cylinder. A 4-stage engine is called a 
quadruple expansion engine. Reheating the steam in between 
its passage through the cylinders is sometimes resorted to, in order 
to increase the effectiveness of the compounding principle. (See 
p. 189.) 

^ ^ . vol. of low-pressure cylinder 

Ratio of expansion = — = — ^ - ,v - 3 -r-77-5 • 

vol. of high-pressure cylinder up to cut-off 


Example. The stroke volumes of the high-pressure and low-pressure 
cylinders of a compound engine are respectively cw. ft. and 27 cu. ft. 
If cut-off occurs at | stroke in the high-pressure cylinder determine the 


ratio of expansion. Neglect clearance. 

Ratio of expansion= 


27 

iofSi 


9-72. 
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(6) By adopting the principle of the Uniflow engine. 

Uniflow engine. This engine is gradually superseding most tyi)es 
of single cylinder, and compares most favourably with compound 
engines. As its name applies, the flow of steam is uni-directional and 
there is no return along the same path, and hence condensation losses 
are greatly reduced. The steam enters the cylinder at each end in 
turn and flows or expands towards the centre of the cylinder, where it 
exhausts through ports. Fig. 87 shows a section through a Uniflow 



Fio. 87. Sectional view of a Uniflow engine. 


cylinder manufactured by Messrs. Hick, Hargreaves & Co. The 
valves are of the piston drop valve type driven through eccentrics 
and rods from the lay shaft running at right angles to the crank shaft 
and geared to it. The governor controls the valves through a trip- 
gear and arranges the cut-off of the steam in the cylinder up to 
about 25% of the stroke, thus ensuring ready response to varying 
loads. 

In normal running, cut-off occurs at 10% of the stroke, while 
expansion follows until 90% of the stroke is completed, when the 
exhaust ports are opened by the piston. The latter must therefore 
have a length of 90% of stroke. Steam is exhausted during the 
10 % of travel to complete the outward stroke and during the first 
10% of the return stroke. However, the ports are large and extend 
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around the cylinder. Compression then follows until the admission 
valve opens (to lead) just before dead centre is reached. Relief 
valves are fitted (shown at the bottom at each end of the cylinder) 
to obviate any dangers which might arise through excessive com* 
pression. 

Advantages. (1) Condensation is reduced because of the gradual 
and nearly uniform heat drop towards the cylinder centre, which, 
means less radiation and loss of heat to surrounding air. 

(2) Absence of exhaust valves and their replacement by ports 
allows of small clearance volumes (3% stroke volume), and the high 
compression obtained reheats the piston head and clearance spaces. 

(3) Presence of exhaust ports means a rapid discharge of steam 
and absence of valve throttling or resistance. Short period of open¬ 
ing of exhaust ports means reduced cooling at this part. 

(4) The simplification of the design means fewer parts, less oil 
consumption and a high mechanical efficiency. 

(5) Low steam consumption, especially with high superheat and 
vacuum (by means of which 9 or 10 lb. of steam per I.H.P. per hour 
can bt‘ obtained). 

(0) Although cylinders are large and reciprocating parts must be 
stronger and heavier than in the compound engine, the inertia of 
these parts tends to equalise the turning moment on the shaft. 

These engines run at between 100 and 200 r.p.m., they are totally 
enclosed and all bearings have forced lubrication. In the diagram the 
condenser of the multi-jet type is shown beneath the engine cylinder. 
Also notice that the piston is provided with a tail rod, so that it is 
supported on both sides. 

Intercylinder steam reheating with compound engines. It has 
been found that reheating the exhaust steam fix)m the high- 
pr(‘ssure cylinder before it passes to the low-pressure cylinders 
of a compound engine leads to an increased engine efficiency. 
The supply of heat is obtained from steam after it lea^s the 
siij)crheater and before it enters the high-pressure cylinder. A 
lieat exchanger attached to the high-pressure cylinder permits of 
the exchange of heat, but does not allow the two conditions of 
steam to mix. In this way the degree of superheat of the steam 
supplied to the high-pressure cylinder is reduced to about 200® F., 
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making the engine easier and cheaper to bnild and maintain effi¬ 
ciently. Heat exchangers are now employed for triple expansion 
engines in such a way that the steam is entirely in a superheated 
state during expansion in the cylinders and is discharged as dry 
saturated steam, an arrangement which is a very desirable feature 
for reciprocating engines. 

An ordinary steam engine using superheated steam shows a 
15% increase in thermal efficiency over the same engine using dry 
saturated steam ; while it is found that, if the principle of reheating 
is adopted with an engine using superheated steam, another increase 
of 10% efficiency may be expected on the superheated steam engine. 

The advantages obtained by using intercylinder steam reheaters 
may be summarised as follows : 

(1) No condensation losses and hence an increased thermal 
efficiency. 

(2^ The more efficient types of superheater producing steam witli 
a high degree of superheat can be employed. 

(3) The difficulties of internal cylinder lubrication are overcome. 

Note. Above 630' F. superheated steam rapidly decomposes any 

suitable lubricant. 

(4) Piston valves can be employed if required. 

Note. With high superheat temperatures these valves wear very 
rapidly, 

(5) Flat slide valves can be employed on the intermediate- and 
low-pressure cylinders. 

Note. With high decrees of superheat lubrication breaks down, and 
too great a strain is thrown on the eccentric rods when the valves run 
dry. Poppet valves (see p. 235) are generally preferred to slide valves. 

(6) The increased economy and reliability makes their use of vahu* 
in marine work. 

Testing of steam engines. The performance of engines deter- 
ihined as a result of tests provides useful data from which other 
engines of similar types can be made or built. The testing of 
engines also enables the engineer to remedy faults and to obtain 
information as to running costs. Instruments and apparatus are 
used to make measurements, and from these measurements cal¬ 
culations are made. Measurements are made to determine the 
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dimensions of cylinders and brake drums, the condition of the 
working substance and the quantity used, and the energy expended 
by the working substance and absorbed by the brake, in addition 
to thermal and mechanical efficiencies. 

Power, or the rate of expenditure of energy, is usually recorded 
under two headings. The power which is developed in the cylinder 
is called the indicated horse power (I.H.P.), because an instrument 
called an indicator is employed to record the magnitude of the 
pressure which the working substance exerts on the piston during 
its motion. Brake horse power (B.H.P.) is the power which an 
engine can produce in external work. Some of the power developed 
in the cylinder has to be employed in driving the engine itself in 
overcoming friction. The remainder is called the brake horse power, 
and thus the B.H.P. is always less than the I.H.P., and their ratio 


B.H.P. 

l.H.P.' 


is the mechanical efficiency. 


A brake which absorbs power is called an absorption dynamometer, 
and in this type the mechanical energy output of the engine is con¬ 
verted, as a rule, into either heat or electrical energy. If converted 
to heat energy, some means must be provided to absorb this heat 
and keep the brake comparatively cool, and so ensure an even 
resisting torque or turning moment. The engine may be used to 
drive a generator of knowm efficiency, instruments being employed to 
measure the electrical energy output of the generator. This method, 
in which the mechanical energy is mostly absorbed and converted to 
electrical energy, is particularly useful in the testing of steam 
turbines because the output is not subject to cyclic variations. 

The brake horse power of an engine can also be measured while 
power is being transmitted, and in this case the apparatus used is 
(*alled a transmission dynamometer. For example, a shaft, while 
transmitting power to a machine or to a propeller, becomes slightly 
twisted from its initial unstrained state, and, Mithin the elastic 
limits of the material of the shaft, the power transmitted is directly 
proportional to the angle of twist. By measuring this angle of twist, 
the horse power transmitted can be calculated when the elastic 
constant for the material of the shaft is known. Another common 
form of transmission dynamometer employs a system of pulleys 
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and belts, and^the horse power may be calculated after measuring 
the belt tensions and pulley speeds. 

An indicator is an instrument used to record the variation of pres¬ 
sure inside a cylinder with the corresponding positions of the engine 
piston. The record is made on an indicator diagram, the area of 
wliich is a scale representation of the amount of work done in the 
cylinder during a stroke. From this diagram the mean height and 
M.E.P. are found as described later in this chapter and the I.H.P. 
calculated. Also by studying the diagrams the engineer can find 
out if the engine is running efficiently and whether the valve has 
admitted, cut-off, released and compressed the steam at the correct 
time. It is easj^ to see from the diagram the nature of the expansion 
or compression and the existence of faults, either in working or valve 
setting, and correction can be made and checked by taking another 
diagram. 

Fig. 88 shows an external spring type indicator by Messrs. Dobbie. 
Mclmies & Clyde, Ltd. The external spring keeps comparatively 

cool in operation, and its accuracy is not 
impaired by high-tetnperature super¬ 
heated steam. This tyj)e is suitable for 
high pressures and high speeds. It is 
similar to the Diesel engine indicator 
sho\^Ti in Fig. 115, p. 245. 

When steam enters the cylinder it wHI 
also enter the cylinder of the indicator 
through the open cock and exert the 
same pressure in the indicator piston as 
on the cylinder. The indicator pistbn 
will be forced up and the spring will be 
compressed, its compression controlling 

movement 

of the piston rod operates the parallel 
motion system of levers shown, which transmit a magnified (6 to 1) 
vertical movement of the piston to the pointer or pencil in contact 
with the drum. Hence the vertical movement of the metal pepeil is 
proi)ortional to the steam pressure in the cylinder. The actual 
movements of the indicator piston are extremely small, and their 
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inertia does not greatly affect the accuracy of the instrument except 
at high speeds. If while the piston is moving, the drum holds a 
piece of sensitised paper and is made to oscillate and follow the 
motion of the engine crosshead to a reduced * scale, an indicator 
diagram will be drawn on the paper. The motion of the crosahead 
is transmitted to the indicator drum by means of a wire or cord 
kept in tension by a spring inside the drum. 

Piston leakage is prevented by shallow channels or labyrinths 
on the outer surface of the piston, which hold water or oil in con¬ 
tact with the cylinder. The springs are carefully made and tested 
for accuracy. The vulcanite covered caps above the piston chamber 
and the pressure spring unscrew and allow the piston rod and the 
parallel motion to be removed bodily for the purpose of changing 
the spring or cleaning the cylinder. If the edges of the paper are 
carefully folded, the paper fingers on the outside of the drum will 
maintain it in position while the diagram is being taken. It will be 
noticed that the paper fingers or springs on the drum are of different 
lengths, so that the paper can be easily fitted without creases or 
wrinkles. Another feature of this indicator is the sheathing, w hich 
allows of easy handling at high temperatures. 

Fig. 89 shows the patent steel self-lubricating and anti-grit 
piston with hollow discs. Fig, 90 shows the adjustable drum spring 



Fio. 89. Fig. 90. 


Indicator piston. Indicator drum and spring. 

with brass ends—the spring can be quickly adjusted to give the 
right tension to suit the engine speed and so prevent backlash. The 
maximum motion of the drum is about f of a revolution, and stops 
are fitted to prevent this angular travel teing exceeded. This drum 
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spring brings the drum back to one end of its travel, which means 
that since the return force exerted by the spring varies, the cord 
tension will also vary throughout the stroke. 
In consequence the length of the cord oper¬ 
ating the drum is made as short as possible 
to prevent errors in the diagram due to a 
stretching cord. Fig. 91 shows an indicator 
cock which connects the indicator to the 
cylinder. As shown, the cock is open, but 

^ ^ , when shut, the indicator cylinder is auto- 

Indicator cock. . , . , , . . , 

matically subjected to atmospheric pressure. 

Fig. 92 shows a simple reduction gear for transmitting the cross¬ 
head motion to the indicator drum through the non-stretching cord 



D7' 

Fig. 91. 



shown. It is very important that the reduction be simple and 
accurate, and that some means be available for readily connecting 
the indicator to the gear or of throwing it out of action. The dia¬ 
gram shows how the indicator can be used for each end of the 
cylinder for a double-acting engine, care being taken to see that 
there are no leaks in the indicator and its connections. There are a 
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great variety of reduction gears for indicators, many of them giving 
accurate reductions but having the disadvantage of being compli¬ 
cated, with the consequent increased liability to get out of order. 
Fig. 93 shows a form of reduction gear which gives greater accuracy 
and stability than the one shown in Fig. 92. 

The ideal conditions to be aimed for in an indicator may be 
summarised as under: 

(1) The rate of rotation of the drum must be proportional to the 
speed of the engine piston for every position in the stroke. 



Poiitiohof 
urotMhtad at UnZ-strokf 


Fig. 93. Reduction gear for an indicator. 


(2) The pencil on the indicator must move parallel to the axis of 
the drum, and its motion must be proportional to the movement of 
the indicator piston. 

(3) The pressure inside the indicator cylinder, at any instant, 
should be as nearly as possible the same as that within the engine 
cylinder itself. This is very difficult to obtain in practice, owing 
to the throttling action and condensation losses in the indicator 
pipes. 

(4) The spring should be subjected to a cooling influence to facili¬ 
tate a uniform stiffness. For this reason, external spring indicators^ 
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that is, indicators in which the spring is constantly in contact with 
the cooling effect of the outside air, are now preferred. 

A certain amount of dexterity is necessary in obtaining a diagram, 
and the following points should be noted. 

(1) See that the spring is suitable for the maximum pressure and 
speed of the engine, and that it is firmly fitted. On each spring 
the pressure in lb. per sq. in. necessary to move the indicator pencil 
1 in. is stamped. The maximum pressure that the spring can safely 
carry is also frequently stamped on it, to prevent damage or 
fracture. 

(2) See that the motion of the drum is such that there is no 
knocking of the stops at either end of the stroke. 

(3) See that the drum spring is adjusted to maintain tautness in 
the cord at high speeds. 

(4) Carefully fold over about I in. of the short end or edge of the 
paper, and place one end of the crease so formed against the top of 
the inner edge of the longer finger on the drum. Wrap the paper 
round the top of the drum, and insert the other short edge behind 
and around the top short finger. Then push the paper down into 
position and fold the short edges of paper against the fingers. In 
this way the paper is placed on the drum so that the indicator 
fingers hold it securely. 

(5) Connect the indicator to the reducing gear, and press the 
pencil lightly on the paper while the engine is running and the cock 
closed. In this case the piston is in contact \^ith the atmosphere, so 
tliat a straight line is marked on the card, called the atmospheric 
liiie. The indicator cock may now be opened and shut a few times 
to allow steam to enter the indicator cylinder and warm it, and also 
blow out any water which may have collected. 

((}) Assuming the condition of the engine has been allowed to 
become steady, open the indicator cock smartly and press pencil 
lightly against the paper sufficiently long for at least one cycle of 
events. Repeat for the other end of the cylinder, and record the 
engine speed, brake reading of engine and stiffness of spring (or any 
other information required) at the same time. Throughout the 
proceedings take every precaution to keep the indicator card as 
clean as possible. 
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(7) At the completion of the test carefully remove the indicator 
spring, then clean and oil it to avoid corrosion. ^ 

" Determination of indicated horse power. Since the indicator 
diagram records the variation of steam pressure acting on the piston 
throughout its stroke, the average height of the diagram will record 
the mean effective pressure. The pressures represented by the line 
ABC (Fig. 94) give the variation in pressure on the boiler side of the 
piston, and the pressures represented by the line CDA give the varia¬ 
tion in pressure on the exhaust side at any point during the stroke. 
Thus the height of the diagram PQ at any point R, measured at 
right angles to the atmospheric pressure line, will represent the 



Fio. 94. Indicator diagram showing mid-ordinates. 

effective pressure acting on the piston. A spring means that 
1 inch on the pressure scale of the diagram represents 80 lb. per 
sq. in. cylinder pressure. Therefore the effective pressure at R is 

PQ X 80 lb. per sq. in., 

where PQ is measured in inches and XR/XY is the fraction of the 
stroke completed by the piston. 

The distance L between the perpendiculars AX and YC to the 
atmospheric line, which are dra\ni to touch the extremities of the 
diagram, should be carefully measured in inches and divided into 
a number of equal divisions shown by the full lines similar to PQ. 
Mid-ordinates are drawn dotted between these division lines, 
these are measured and the sum of their lengths foimd. When this 
total is divided by the number of mid-ordinates a figure representative 
of the average height of the diagram, that is, the height of the 
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equivalent rectangle is obtained. This average height in inches 
must then be multiplied by the scale figure corresponding to the 
spring employed in the indicator to give the mean effective pressure 
(lULP.). 


aether and better method (already dealt with in Example 1, 
p. 172), if a planimeter is available, is to measure the area of the 
diagram in square inches by means of the planimeter, and then 
divide this area by the length of the diagram L to obtain the average 
height and the mean effective pressure as before. 

The two methods of determining the mean effective pressure, 
which have just been given, are those most frequently employed. 

T,.. -r TT -Ti work done in the cylinder in ft. lb. per min. 

Now I.H.P.--!- 


average work done per working stroke x no. of 
effective strokes per min. 

33;000 


The average work done per working stroke is given by the product: 
/Mean effective pressure\ /area of pistonN /length of strokeX 
\ in lb. per sq. in. (P) / \ in sq. in. (A) / \ in ft. (L). / 

The number of effective strokes per minute is the same as the 
number of revolutions per minute (N) made by the engine in a single- 
acting engine, and twice that number for a double-acting engine. 

In the case of double-acting steam engines, with or without tail 
rods, it is customary, and more accurate, to deduct the area of die 
piston rod or tail rod from the total piston area, i.e. the cross- 
sectional area of the cylinder, for the side of the piston concerned. 

Note. A tail rod is an extension to the hack of the piston^ used 
frequently in horizontal engines to prevent the weight of the piston 
acting without restraint an the cylinder walls. 

The expression for I.H.P. is often given as 

a PLAN 
33,000 ’ 

^ere a = 1 for single-acting engines, 

~2 for double-acting engines, 

and P is the mean effective pressure for both sides of the piston^ 
and N is the number 6f revolutions per minute. 
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For double-acting engines and when P is an average value for 
both sides of the piston, then A should be taken as the average of 
the effective areas for the two sides of the piston, after allowance 
has been made for the piston rod. 

When the indicator diagrams for both sides of the piston are 
given, it is customary to determine the indicated horse power for 
each side of the piston separately and then add the results. Example 
Xo. 3 will illustrate this point. 

Example No. 1 shows how three factors influence the scale of an 
indicator diagram. These factors are : (1) the stiffness of the in¬ 
dicator spring, (2) the area of the indicator piston, and (3) the ratio 
bet^\een the travel of the pencil and the indicator piston. 


/ Example 1. The stiffness of a spring used for a certain indicator was 
found, by axially loading the sprbig with weights, to be 576 lb. per inch of 
compression. The area of the indicator piston was 1 sq. in., and the 
j)arallel Imk motion on the indicator was such that the pencil travel was 
() timis that of the indicator p'lston. Find the pressure scale of an indicator 
diagram obtained by using this indicator and sprhig. 


For 1 inch movement of the pencil the piston moves J in. 

Tlic* motion of tlu' piston is controlled by the spring, which must be 
coniprossod J in. 

Hence, load on spring = J x 576 or 96 lb. 

At this load the intensity of pressure on the indicator piston 

load on piston 96 lb. „ 

=-t-;— = 96 lb. per sq. m. 

ar(*a of piston 1 sq. in. 

Indicator scale is 96 lb. per sq. in. per in. 


Example 2. Find the approximate ratio of AB to AD for the reducing 
gear illustrated in Fig. 92, from the particulars given below. 

Radius of indicator drum measured to centre of operating cord = 1^ 
Available motion of drum — | rev. Stroke of engine = 30 in. 

The motion of the point D is to be 27r x 1J x J in. or 6*36 in. per stroke 
of the engine, while the motion of the point B is approximately 30 in., 
measured horizontally in both cases. 

Hence ratio of lengths, being proportional to the travel of the pointft^'^ 

j • AB 30 

conc..mod,i8-=_ = 6-6. 

.*. AB must bo made 5*6 times the length of AD. 
o 


B.B.E.S.n 
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Example 3. The indicator diagrams shown in Fig, 96 are taken for 
each end of the high-pressure cylinder of a compound and double-act mg 
steam engine. The cyliinder dia'tneter was 22 in, and the stroke 45 in, and 
the piston rod 3J in, in diameter. Calculate the indicated horse potver of 
the engine if the crank shaft revolves at 144 r,p,m. 

Method 1. By measuring the mid-ordinatcs and finding the average, 
the mean height of the diagram for boiler steam action at the cover or 



Fio. 95. Method of obtaining the mean height of indicator diagrams. 

cylinder end of the engine is found to be 1 095 in., representing a mean 
effective pressure of 

1 095 X 72 or 78-84 lb. per sq. in. 
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Area of piston = tt x 11* = 380* 1 sq. in. 

Ave>rago work done per stroke = 78*84 x 380*1 x 46 12. 


l.H.P. for cover end 


78*84 X 380*1 X 46 X 144 
33,000 X 12 


. PLAN 
33,000 


P’or the crank end, • 
arc'a of piston - area of rod 

M(*an effective pressure 


-490*4. 

-380*1 -TTX (If)* 

— 370*4 sq. in. 

— 0*986 X 72 or 70*92 lb. per sq. in. 


I.H.P. for crank or gland end — 


70*92 X 370*4 x 46 x 144 
33,000 x 12 


- 429 '^^. 


Total indicated horse power — 490*4 + 429*8 — 920*2. 

Method 2. To find the area of the diagrams by means of a plani- 
ni(‘teT. Length of diagram —3*3 in. 

Cover or cylinder end. 

Area by planimeter —difference of readings of instrument 
— 29*83- 26*23 or 3*6 sq. in. 

average height— —1*091 in., which represents a mean 

(‘fft‘otive pressure of 1*091 x 72 or 78*55 Ib. per sq. in. 

This gives l.H.P. for cover end as 488*7. 

Crank end. Area by planimeter— 12*23 - 9*00 or 3*23 sq. in. 

3*23 in.* 

average height—-— -0*9788 in., which represents a mean 

3*0 in. 

effective pressure of 0*9788 x 72 or 70*47 lb. per sq. in. 

T^iis gives l.H.P. for crank end as 427*2. 
total liorsc pow’er = 488*7 + 427*2 -- 915*9. 


Example 4. The piftton diameter and stroke of a double-acting steam 
enguie are respectively 24 in, and 36 in. and the piston rod 3J in, in 
diameter. If the mean effective pressure for both ends of the cinder is 
given as 39*4 lb. per sq. in.^ determine the indicated horse power at 90 
r.p.m., (a) assuming a tail rod of^\ in. diameter^ and (b) without a toil 
(a) Effective area of piston on both sides —tt x 12 *- 7 rx(lj)* 

-TTX 132x lOJ 
— 442*8 sq. in. 


Using the formula, l.H.P. = 


33,000 


where a — 2 


2 X 39*4 x 3 X 442*8 x 90 


= 285 5. 


33,000 



202 ENGINEERING SCIENCE 


(b) Without a tail rod, area of piston at cover eQd=wxl2^ or 
452-4 sq. in. 

Hence, average of effective areas = 1(442-8 + 452-4) or 447-6 sq. in. 


In this case I.H.P. 


2 X 39-4 X 3 X 447-6 x 90 
33,000 


288-6. 


Brake horse power. A common form of rope brake for small 
power engines is shown in Fig. 96. This form of brake absorbs the 
mechanical energy output of the engine and dissipates it as heat 
energy to cooling water and to the atmosphere. A double rope in 
the form of an endless loop is passed around the brake or flywheel 



Fig. 96. A common form of Fig. 97. Arrangement for water-cooling 
rope brake. brake wheel rim. 


and kept in position (see separate view) by means of wooden bloc*k«, 
to which the ropes are wired or nailed, and which fit loosely on the 
flywheel rim. One light or looped end is connected to a weight or a 
system of slotted weights on a carrier, and the other looped end is 
taken up to a spring balance hung from a suitable support. The 
wooden blocks are often made of poplar, as this is a suitable wood 
to withstand the conditions of wear and temperature of working. 
To make the ropes supple they should be impregnated with graphite 
paste lubricant, or alternatively a mixture of tallow and blacklead 
may be used. Cotton ropes are generally chosen, and it is important 
to see that they are sufficiently strong for the purpose in hand. 

Fig. 97 shows an arrangement for cooling a brake wheel. The 
rim is made of channel section, so as to hold w’ater on its inner sur- 
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face; the speed of the wheel and the centrifugal action ensuing 
maintains the water against the inner rim throughout the whole 
circumference and prevents it falling from the wheel. Fresh water 
is supplied continu^y near the bottom of the wheel, and a sharp- 
cadged scoop removes and drains away the excess water. In this 
way a continuous supply of fresh cooling water f^aches the brake 
and maintains even temperature working conditions, and so tends 
to maintain the resisting torque on the engine as uniform as possible. 

To calculate the work absorbed by the brake, it should be observed 
tliat the force indicated by the spring balance assists the rotation 
of the wheel, while gravity, acting on the mass W lb., prevents 
rotation of the brake^n the direction of the arrow (Fig. 96). The 
kinetic friction, or friction of motion, between the rope and the rim 
c ommunicates these forces to the wheel. 

Hence the effective force tending to prevent rotation = (IF ~ P) lb. 

Taking It ft. as the distance from the shaft centre to the centre 
of the rope, 

work done by engine per revolution = (H’ - P) x 27tR ft. lb. 

Ttrx’D '"’ork done by engine per min. at the brake 
en 

(W-P)x27rltN ^ 

=-33 000-’ where A =rev. per mm. 


A modification of the Froude hydraulic brake or absorption 
dynamometer made by Messrs. Heenan & Froude, Ltd., is a very 
popular and efficient form of brake, as it can be used over a large 
range of speed and for absorbing small or large powers. The brake 
consists of two main parts, which are generally referred to as the 
vstator and the rotor ; the engine to be tested is coupled directly 
to a rotor, while the casing or stator is mounted on anti-friction 
trunnions or supports. In the modified form of brake, water flow 
continuously through the semicircular-shaped pockets in the stator 
to similar pockets in the rotor, in a direction designed to set up an 
oven resistance to the motion of the latter. The motion of the 
rotor is continuous, and there is a tendency to drag the stator 
around with the rotor. This tendency is indicated and measured 
on a weighing mechanism fitted at a known distance from the centre 
of the rotor. The passages or pockets of both stator and rotor lu^e 
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kept full of water. To alter the load on the engine the resistance 
may be increased or lessened by an adjustable rotating sluice 
operating between the stator and the rotor, in such a way that 
it uncovers or covers more water passages or pockets, and so in¬ 
creases or decreases the resistance to motion. 


Example. Determine the brake horse power of an engine from the 
following observed data. 

Average engine speed =221*2 r,p,m. 

Magnitude of dead load — 70 lb. 

Mean spring balance reading — 14*4 lb. 

Diameter of brake drum between rope centres -2 ft, 3 in, 
work absorbed per min. 

" 33,000 

(70 - 14*4) X tt X 2*25 v 221*2 


B.H.P. = - 


33,000 


= 2*63. 


Willans’ law. In the case of a reciprocating steam engine or a 
turbine governed by throttling the steam supply, i,e. by controlling 
the quantity reaching the engine by means of a valve placed near 
the steam chest, and when the point of cut-off in the cas€‘ of the 
reciprocating engine is kept constant, the increase in the total steam 
consumption is found to be directly proportional to the increase in 
the power developed as far as the maximum output. In other 
\vords, the steam consumption plotted against the horse power 
developed gives a straight line graph which does not pass through 
the origin. This relationship holds very Avell, whether the steam is 
saturated or superheated and whether brake or indicated horse 
power is taken, and is known as Willans’ law. Willans was tlu' 
first to point out this relationship, and the straight line graph 
so produced is known as a Willans’ line. 

Example. After plotting a series of test results of brake horse power 
readings (P) against steam consumption (S) in lb, per hour a straight line 
graph wets obtained. The co-ordinates of two points on the graph were 
(7*6, 510) and 145, 1183). Determine the equation of the Willans^ line. 
Also find the rate of steam consumption in lb, per B,H,P, hour when the 
B,H,P, is 40. 

The equation will be S = mP -i- c... 

in which m and c are constants for a straight line graph. 


(1) 
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Substituting the values of the given points in (1), 

1183 = 45 m-Hc 
510= 7-5m4-c 

Subtracting, 673 = 37-5m 

whence m= 17*95 

and c~ 375*4 

K('ncc the law is S = 17*95P 4- 375*4. 

This equation shows that when P is 0, S has the value 375*4 lb. per 
hour. In other words, the engine requires 375*4 lb. of steam each horn* 
to k(H'p it running at the test speed without doing any external work. 
TJiis constant drain on the boiler steam supply is due to condensation, 
l<‘akag(% and ninnins: losses whe*n not under load. 

The steam consumption in lb. per hour p(*r B.H.P. 

S_I7*95P 37,*) 4 __ 375 

="p > ^ p 

When P = 40, this becomes 17*95 or 27*34 lb. per B.H.P. hour. 

Heat received by an engine and its relation to brake horse power. The 

aiiKJUiit of steam supplied to the engine is usually taken as the weight 
of steam condensed in the condenser and jackets. In addition, the 
])ressiire and temperature (if su})erheated) of the steam supply to 
tlu‘ engine must be recorded by gauge in a simple engine test. In 
this way the heat taken in by the engine per minute can be calcu- 
lat(Hl with the help of steam tables. The heat supplied is usually 
n^ckoned above the liquid heat of the exhaust. 

The thermal efficiency of an engine is the ratio : 

heat converted to mechanical work 
heat supplied 

Engine efficiencies. The mechanical efficiency has already been 
defined on p. 191, and can easily be found when the B.H.P. and 

B H P 

I.H.P. are known. It is the ratio j~jj p > niore accurately 

work performed at the crank shaft 
work done in cylinder in same time 
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The thermal efficiency with regard to the heat supplied in the steam 
can be found as follows : 

xj 4. • 1 ^ rTJxjT* B.H.P. X33,000 ^ tt 

Heat eqmvalent of B.H.P. =--B.Th.U. per mm. 

Total heat supplied to engine per min. 


wt. of steam \ 


Vin lb. per min./ 

Then brake thermal efficiency = 


total heat per lb. \ 
above liquid heat of exhaust./ 
useful work done 


xlOO 


total energy supplied 
heat equivalent of B.H.P. 
total heat per min. 

The indicated thermal efficiency can be found in a similar way. 

heat equivalent of I.H.P. 
total heat per min. 


Indicated thermal efficiency = ■ 


xlOO. 


xlOO. 


'Example 1 . A double-acting steam engine has a single cylinder 12 in. 
in diameter and a stroke of 11 in. Indicator cards taken with a ^4 spring 
gave an average area 0 / 2-84 sq, in, and an average length of 3 02 in. 
Calculate the mean ejfective pressure and the indicated horse power if the 
'tnean speed was 135 r.p,m. 

Calculate the brake horse power and the mtchanical efficiency if the dead 
load on the rope brake was 560 lb,, the spring balance reading is 56 lb,, 
and the diameter of the rope brake measured to the rope centre is 10 ft, 

2-84 


Average height of indicator diagram 


302 


= 0*94 in. 


/. Mean effective pressure with ^ spring = 64 x 0-94 

- 60*2 lb. per sq. in. 

Average force on piston = 7 r x 6 * x 60*2 = 6808 lb. 

Work done per stroke = 6808 x 17-4-12 or 9645 ft. lb. 

9645 X no. of strokc^s 9645 x 270 


I.H.P. 


^78*9. 


33,000 


33,000 


Work absorbed by brake per rev. = (560 - 56) x 5 x 27r ft. lb. 

= 15,833 ft. lb. 


H.P. absorbed 


16,833x 136 

.33;6w— 

fi4»77 

=^9-X 100 = 821 %. 


Mechanical efficiency 
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^Ezunple 2. In a test on an engine consisting of 2 dovble-aoting 
cylinders of 28 in, diameter and 40 in, stroke, the following figures were 
obtained : 

Steam stipply, 160 per sq, in, abs. and dry. Cut-off, 0*7 stroke, 

R.P,M,, 64. Back pressure, 5 lb. per sq. in. abs. 

From indicator cards, mean effective pressure, 92 lb. per sq, in. 
Calculate {1) the maximum force on the pistons, (2) the diagram factor, 
and (3) the indicated horse power. 

(1) Maximum force on pistons = maximum steam pressure x area of 

piston 

= 160y'TX 14» 


= 98,510 lb. 

(2) In this case the ratio of expansion r = — or 1 *429. 
Theoretical mean effective pressure=p^ = p, 


= 146*9 lb. per sq. in. 

Actual mean effective pressure = 92 lb. per sq. in. 
92 

/. diagram factor = 


146*9 


= 0 *( 


(3) I.H.P.. 


work done in 2 cylinders per min. 2x2 PLAN 


33,000 

92 X IT X 14® X 40 X 64 X 2 X 2 
' 33,000 X 12 


33,000 


= 1466. 


^Example 3. Detennine the brake horse jxntTr of an engine from the 
following observations obtained by means of a brake of the Prony type : 

, Net brake load acting at a radius of 30 in., 55 lb. 

Mean speed, 360 r.jj.m. 

If 15 lb. of cooling water were supplied per minute to the brake and the 
temperature of the toater was raised from 56° F. on entering to 80*5° F, 
on leaving. Calculate the quantity of heat absorbed by the coding water 
and the quantity dissipated to the atmosphere. 

Work absorbed by brake per rev. = 55 x tt x 2^ x 2 

= 863*6 ft. lb. 


XI XT work absorbed by brsdee per min. 

® --ssioBo- 


863*5x360 

33,000 


= 942. 
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Heat equivalent of B.H.P. - ^ B.Th.U. 

= 399-4 B.Th.U. 

This is the heat absorbed by the cooling water and the atmosphere. 
Heat absorbed by cooling water — 15 x (80*5 ~ 66) 
or 367-5 B.Th.U. per min. 

Heat dissipated to atmosphere 

= 399*4 - 367*6 or 31*9 B.Th.n. per min. 


Example 4. The diatneter and stroke of a single-cylinder double-acting 
steam engine are respectively 18 in. and 27 in. Steam is supplied at 
200 lb. per sq. in. abs. dry and exhausted at 4 lb. per sq. in. abs^^ while 
the engine runs at 160 r.p.ni. with normal load and cut-off at half-stroke. 
Calculate the indicated horse power on normal load, allowing a diagram 
factor of 0*88. 

Assuming the mechanical efficiency to be 80% actual steam 

consumption to be 50 ^q greater than the theoretical steam consumption, 
esthnate the probable steam consumption in lb. per B.H.P. per hour. 

Theoret. mean effective pressure = ’~Pb 

= 200 (’—^^) - 4 

— 200 ^ -4 = 166-3 lb.per sq. in. 


Actual mean effective pressure =0*88 x 165*3= 145 5 lb. per sq. in. 

27 

Work done per min. = 145*5 XTrx9®x--x 160x2 


I.H.P. 

B.H.P. 


= 26,660,000 ft. lb. 
26,660,000 


33,000 


- = 807*8. 


80 


= —x 807*8 = 646*2. 

lUv 


Vol. of steam required per stroke = J vol. of cylinder, if clearance is 

neglected. 

Vol. of steam required per hour = x y 160 x 2 x 60 


= 67,270 cu. ft. 
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VoL of 1 lb, of dry saturated steam at 200 lb. per sq. in. (from tables) 

= 2*293 cu. ft. 


67 270 

Wt. of steam required per hour = lb. = 24,980 lb. 

QQA 

Wt. of steam per B.H.P. per hour = lb. = 38*67 lb. 

y o4d*2 

'Example 5. Calculate the mechanical and thermal 

efficiencies^ and steam per B.H.P, per hour from the data summarised 
below. AU figures are taken as an average during a halfihour test. 

Piston dia.=7i in. Stroke —10 in. R.P.M. =206. Average mean 
effective pressure for the two sides of a double acting engine = 34*62 1h. per 
sq. in. Average effective brake load = 119 lb. Average radius of load = 
21*25 in. Total weight of steam condensed = 2\1-6 lb. Initial pressure of 
steam supply = 90 1h. per sq. in. Dryness fraction =0 9^. Temperature 
of condensed steam = 61^ C. 

Area of piston (neglecting rod) 

I.H.P. Work done per stroke 
Work done per min. 

Indicated horse power 


7rx(liy 


= 44*15 sq. in. 
10 


= 44*15 X 34*62 x~ = 1274 ft. lb. 
= 1274 X 206 X 2 =624,777 ft. lb. 


33,000 

Heat equivalent of indicated work per min. 

= 524,777-1400 = 374*8 C.H.U. 

B.H.P. Work done per revolution = 179 x 27 r x 21:25-^ 12 = 1992 ft. Ib. 
Work done per min. = 1992 x 206 = 411,000 ft. lb. 

411,000 


Brake horse power 


=12*46. 


33,000 

Heat equivalent of brake work per min. 

= 411,000-M400=293 C.H.U. 


Mechanical efficiency x 100 = x 100 =78*3%. 

l.rl.ir. 16*9 

Total steam supplied per hour = 217*5 x 2 =436 lb. 

436 

Steam supplied per B.H.P. per hour = ~— =34*91 lb. 

12*40 

Heat in 1 lb. of steam as supplied to engine 

=0*94x499+ 161*36 
=630*4 C.H.U. (see tables). 
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Heat in 1 lb. of condensed steam = 67 

Heat supplied to engine per lb. =630*4 - 67 =673*4 C.H.U. 

Steam supplied per min. = -^^^ = 7*26 lb. 


Heat supplied to engine per min. = 7*25 x 673*4 =4157 C.H.U* 
heat to work 293 


Brake thermal efficiency ^ 


Indicated thermal efficiency = 


heat supplied 4157 
0 0705 or 7*05%. 

heat equivalent of indicated work 


374 8 
'4157 


heat supplied 
= 0 09 or 9*0%. 


Turbines. The de Laval turbine, invented by the Swedish engineer 
de Laval in 1887, is still used, although in slightly modified forms, to 
drive fans, blowers, pumps and dynamos through reduction gearing. 



Fig. 98. Action of the de Laval steam turbine. 


In this turbine steam expands in fixed nozzles, acquires a very high 
velocity, and is then directed on to the blades or vanes on the rotor. 
The action is shown in Fig. 98. The curved surfaces of the blades 
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deflect the steam jet forcibly, and at the same time receive an 
impulse in the reverse direction. Although the velocity of the 
steam jet becomes greatly reduced, the pressure on both sides of 
the wheel is the same. The shape of the blades is arranged to 
permit the steam to impinge without shock. In modem designs 
the wheel is solid and the flexible shaft is bolted to the wh&l to 
give added strength. Only small sizes are made, with one ring of 
blades or vanes, and these turbines are always run at speeds well 
above that at which the shaft would ‘"whip ” or whirl. 

A nozzle and screw down shut-off valve of a de Laval turbine are 
shown in Fig, 99. In this way the s^eam supply can be controlled 



<rt««((«((« ' 

Fig. 99. Nozzle and shut-off valve and vanes. 


independently of the governor, each nozzle being fitted with a valve. 
It is the function of the nozzle to convert the heat and pressure energy 
of the steam into a corresponding amount of kinetic energy, which is 
^proportional to the square of the speed. The essential feature of a 
nozzle is a throat, connecting a region of low with a region of high 
pressure, and it is necessary to make the phange in cross-section of 
the passage gradually, so that the conversion of energy is as com¬ 
plete as possible. On the low-pressure side of the throat the nozzle 
is often made conical with a cone angle of 10®. Ignoring losses, the 
energy equation is 

loss of heat energy or heat drop of steam =gain of kinetic energy. 

In the turbine itself, provided there is nc change of pressure, 
then 

initial kinetic energy=final kinetic energy + losses + work done. 

Actually windage, steam friction over blades and wheel, eddy 
losses and bearing friction cause losses of kinetic energy, which is 
reconverted back into heat energy and is not recovered. It must 
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be remembered that with turbines the impulse is given to the rotor, 
but that the equal and opposite reaction is taken by the nozzles and 
turbine casing or stator. 

Impulse turbines. In the Curtis and Rateau turbines efforts have 
been made to utilise the high residual velocity of the steam that 
issues from the de Laval turbine wheel, by directing this steam on 
to movhig vanes on other rotors. Curtis used rows of fixed blades 
to redirect the steam, while Rateau used nozzles, as many as 15 
series of de Laval wheels and nozzles being mounted on one shaft. 
The types of turbine mentioned are called impulse turbines, because 
of the impulse or direct thrust which the steam gives to the rotor. 
Impulse turbines are distinguishable by the fact that both fixed 
and moving blades are not convergent, that is, there is no altera¬ 
tion in the size of steam passage through the ^^lades. This 
principle, adopted by Rateau and Curtis, is referred to as velocity 
compounding. ^ 

Impulse-reaction turbines. Parsons’ turbine. Fig. 100 shows a longi¬ 
tudinal section through a turbine constructed by Messrs. Ci). A. 
Parsons & Co., Ltd., for a South African power station. This 
turbine runs at 3000 i:.p.m., developing 20,000 kW. (26,800 H.P.) in a 
single cylinder. Steam (150,000 lb. per hour) is supplied at a pressure 
of 400 lb. per sq. in. (gauge) at the stop valve, temperature 725° F. 
(280° of superheat). The pressure drops gradually to a condenser 
vacuum of 28-8 in. At its most economical output, which is 80% 
of full load, the turbine has a brake thermal efficiency of 31%. The 
absolute velocity of the steam at discharge is 620 ft. i>er sec. 

The Parsons’ turbine is called an impulse-reaction turbine, l)ecause 
the blading is of the converging type, and steam expands and gener¬ 
ates kinetic energy, both in the fixed and moving blades. In other 
words, both the fixed and moving blades act as nozzles. Fixed 
blading carried by the stator or casing has an efficiency nearly equal 
to that of a good nozzle, and the steam is directed smoothly on to 
the moving blades carried by the rotor. The turbine is thus partly 
driven by the reaction of the steam leaving the moving vanes and 
giving a backward thrust as it passes from one set of fixed blades to 
the next. The moving blades may be likened to a machine-gun, 
which has to take the recoil in sending out a stream of bullets. By 
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Fio. 100. Longitudinal aw-tion through a Parsons’ steam turbine. By courtesy of Engineering. 
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having a large number of stages on one rotor and stator, each stage 
consisting of a ring of moving and fixed blades, and by exhausting 
the steam from one stage to the next, a smaller amount of energy is 
abstracted at each stage. The energy of the steam can be absorbed 
gradually, and there is less waste of steam, and lower speeds are pos¬ 
sible without loss of efficiency. This principle, whereby the total 
pressure drop is accomplished in stages, is referred to as pressure 
compounding. 

The turbine rotor is a single forging supported in bearings 
14 ft. 8 |- in. apart, and has a maximum diameter of 40 in. To 
ensure soundness it has been bored axially from end to end to permit 
of internal examination. The left-hand or high-pressure end of the 
rotor carries 33 rows of moving blades gradually increasing in height. 
The first 6 rows of blades are mounted on a cylindrical portion of 
the rotor and have a height of in. These are by-passed at full 
output and the steam passes direct to the next 21 rows, mounted on 
a conical portion of the rotor, the blades ranging in height from 
1 4 in. to 2| in. When the steam has passed through these stages it 
has a pressure of about 3o lb. per sq. in. absolute, and some of it is 
tapped off or “ bled ” for heating boiler feed water. More steam (at 
62 lb. per sq. in. absolute) is also abstracted for the same purpose at 
the end of the high-pressure section, thus giving more room for the 
expansion of the remaining steam. About 21,000 lb. of steam are 
bled from the turbine per hour. The double-flow low-pressure 
portion of the turbine consists of two parts, 6 stages on the left- 
hand and 5 on the riglit-hand portion. At the tips of the largest 
blades, which are ISi in. in height, the speed is 877 ft. per sec. 
Fig. 101 shows some rotor blading placed in position. 

After leaving the high-pressure portion of the turbine, the steam 
divides into two parts, half going through the left-hand portion of 
the low-pressure turbine and half through the right-hand portion, 
before being exhausted to the condenser. The blades and steam 
passages have to be increased in size as the steam flows through the 
turbine. This is because the steam is expanding, that is, dropping 
in pressure and increasing in volume. Owing to the slight difference 
of pressure on the two sides of a row of blades, there is a small force 
which tends to make the steam leak past the tips of the blades 
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without doing useful work. Careful construction is necessary to 
reduce leakage to a minimum, as packing of any kind is impossible 
o\ving<to the heat generated and its destructive effect on any packing 
material. Leakage is greatly reduced by using fine working clear- 



Fig. 101. Turbine blading. By courtesy of Engineering. 

anoes, preferably axial and not radial, and by thinning edges which 
may come into contact, so that little harm can be done to the 
blading. 

Figs. 102 and 103 show how the blades are fitted and how 
leakage is lessened. The tips of the blades are riveted to the end 
tightening strips, while the roots and spacers are welded and pro¬ 
vided with serrations to fit those on the rotor and stator grooves. 
A is a fixed stator blade, and its end tightening strip has a forked or 
double feather edge, the lower edge almost making contact withjbhe 

^ B3.S.S.I1 
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roots of the adjoining moving blades, while the i|pp^ edge guides 
the steam smoothly on to the latter with only slight leakage* The 
shrouding on the moving blade B has a feather edge almost toi^iching 
the root of the adjatsent fixed blade. This lessei^usr.leakage over the 
tips of the moving blades. At the high-pressure end of this turbine 
the blading is made of specially treated and brazed stainless iron. 



Fig. 102. Method of attaching Fio. 103. Method of 

blades to rotor. preventing leakage. 

By courtesy of Engineering. By courtesy of Engineer\ng. 

Low-pressure blading is often made of brass, and the high-pressure 
blading of steel in order to withstand the action of superheated 
and high-pressure steam. 

To prevent leakage at the shaft ends carbon glands are employed,^ 
while between the two low-pressure portions of the turbine^ the 
serrations (see Fig. 104) lessen leakage because they provid^’ a 
tortuous path and tend to set up eddy flow. As the steam flows 
from left to right it sets up a thrust in that direction, and this is 
balanced by two dummy flanges near the high-pressure bjading and 
by a double Mitchell thrust block situated in the left-hanft bearing. 
The thrust block allows thrust in either direction to be met, and 
registers accurately the position of the rotor in the casing. Pro¬ 
vision is also made for a fine axial adjustment of the rotor. 

Forced lubrication is made by pump to all bearings. Governing 
is achieved by relay through motors to double-beat balanced valves. 

Intermediate bearings, which form a necessary and undesirable 
feature of the Rateau and Curtis turbines, are not required for a 
Parscms’ turbine. 






104. Persons’ turbme u.der eonstruct.on, sho».nK bUd.ng and bottom half of stator. By courtesy of 
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AdTantages of turbines over reciprocating exigines. (1) Less attention is 
required during running, and repair costs are generally less. (2) The 
propelling force is applied directly to the element being propelled, 
and not through a crank and connecting rod. (3) Less oil is required 
for lubrication, and none finds its way into the exhaust steam and 
boiler feed water. (4) Lighter foundations can be used owing to the 
absence of vibrations. (5) The applied torque is more uniform to 
the driven shaft. (6) All the moving parts are enclosed, and there 
is less danger of entanglement and accident. (7) There is less fric¬ 
tional loss due to fewer sliding parts. (8) Large powers, due to the 
high rotational speed, are readily incorporated in one comparatively 
amall compact unit. This high speed is suitable tor electrical power 
generation. (9) The benefit of the full expansion of the steam to its 
limit is possible with high vacuum, as the condenser can be brought 
close up to the low-pressure exit of the turbine, and the turbine is 
very efficient at low pressures. (10) Steam consumption is less. 
(11) The turbine, being almost perfectly balanced, is nearly vibra¬ 
tionless, and it is difficult to attain this state of affairs with recipro¬ 
cating engines. (12) As the turbine stages form a convenient series 
of steps or pressure gradient, steam can be bled at any pressure for 
heating feed water or for industrial purposes. (13) The turbine can 
take an overload with little loss of efficiency. 

Disadvantages. (1) Turbines must be run at high speeds, and this 
is not always desirable in the driven machine. Reduction geapng 
of an efficient and quiet type has largely overcome this disadvantage. 
(2) The blading is easily damaged, especially when raising the to]) 
half of the stator for repairs. (3) For high efficiency the turbine 
needs a high vacuum and very efficient condenser. (4) Leakage at 
high pressures is difficult to prevent. 

It is claimed that a steel alloy containing chromium, nickel, 
aluminium and titanium, which resists oxidation in air and steam 
at 900® C., will prove very useful in the construction of turbine 
blading subjected to highly superheated steam. 

Energy aspect of heat losses and heat drop. When a quantity of 
steam loses heat, this heat must either be wasted in the form of 
leakage, radiation or conduction, or it is converted into useful 
mechanical work. This mechanical work, in the particular case of a 
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turbine, is evident in the form of kinetic energy possessed by the 
steam jet upon impact on the vanes; so that some portion of the heat 
content of the admitted steam is converted to velocity, or kinetic 
energy, in the jet. 

The loss of heat content between admission and exhaust is known 

the heat drop, and may be calculated from the difference between 
the total heat of 1 lb. of steam at admission and that of 1 lb. of steam 
at exhaust. The velocity of the jet V may then be theoretically 
assessed, if this heat drop be converted from heat to mechanical 
energy and the result equated to the kinetic energy due to the 


WV* 

velocity; so that heat drop > where TT is 1 lb. if the heat drop 

of 1 lb. of steam is considered. (See energy equations, p. 211.) 


Example 1. Dry steam enters the nozzles of a de Laval turbine at a 
pressure of 200 Z6. per sq, in, (absolute), and leaves at a pressure of 4 lb, 
per sq, in, with a dryness fraction of 0-837. Find the heat drop or heat 
energy available per lb, of steam. Also find the theoretical velocity of the 
steam- entering the blades, and if the exit velocity is 1510 ft, per sec,, find 
the efficiency of the blading. At what pressure is steam exhausted from the 
turbine ? Assume the nozzle is frictionless. 

Heat in 1 lb. of dry saturated steam at 200 lb. per sq. in. 

= 669-69 C.H.U. 

Heat in 1 lb. of steam at 5 lb. per sq. in. 

=0-837 X 558-28 + 67-1 =534-38 C.H.U. 


Heat drop by difference = 135-31 C.H.IT. 

Work available =heat drop x J = kinetic energy of steam 


Therefore 

or 


WV^ 

where W = 1 lb. 

F* = 2gr X J x heat drop (H), 
V = s/2,g,J,H 


= V2 X 32-2 X 1400 X 135-31 = 3492. 
Theoretical velocity = 3492 ft, per sec. 


Energy loss per lb. in passing through blades = 


3492* 

2 ^ 


1510« 

2gr 


. __ . /3492* 

.*. Efficiency =^-^- 


1610*\. 3492V 


The steam is exhausted at 4 lb. per sq. in. since the pressure oa both 
sides of the impulse blading is the same. ^ ^ 
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Example 2. The steam pressure for the Parsons^ turbine described in this 
chapter drops from 400 lb, per sq. in, gauge and 726° F, to a vacuum of 
28*8 in. Calculate the amount of heat energy supplied to the turbine per 
lb, of steam. Assume the exhaust steam is 82-3‘Jo dry, and the specific 
heat of superheated steam as 0-62. What is the heat drop ? 

From tables, total heat of dry saturated steam at 400 lb. per sq. in. 
at a temp, of 444*7° F. = 1212-3 B.Tli.U. 

Total heat of above steam at 725^ F. = 1212*3 + 0*62 (725 -444*7) 

-1386 B.Th.U. per lb. 

28*8 in. of vax?uum = 1*2 in. of mercury absolute. 

Pressure in lb. per sq. in. =wt. of mercury (density 0*49 lb. per cu. 
in.) which is standing on 1 sq. in. 

= 1 X 1 X 1*2 X 0*49 = 1*2 X 0*49 
= 0*588 lb. per sq. in. 

Total heat (from tables) at 0*588 lb. per sq. in. and dryness 82*3‘'o 
= 52*42+0*823 x 1041*84=908*5 B.Th.U. 

Heat drop = 1386 - 908*5 = 477*5 B.Th.U. 


Example 3. 2*5 lb, of steam initially at 300 lb, per sq, in, abs, atid 

200 Cen, degrees of superheat is expatided in a nozzle to 80 lb, sq. in, abs, 
and 20 Cen, degrees of superheat. Calculate the change in heat value or 
heat drop per lb, and the speed of the steam at the outlet from the nozzle. 
Assuming the whole of the energy coiwerted to mechanicad work, what is 
the power available? 

Total heat in 1 lb. of steam at 300 lb. per sq. in. abs. and 200 Con, 
degrees of superheat (from tables) = 784*6 C.H.U. 

Total heat in 1 lb. of .steam at 80 lb. per sq. in. abs. and 20 C’('n. 
degrees of superheat (from tables) = 669*8 C.H.U. 

Heat drop per lb. = (784*6 - 669*8) or 114*8 C.H.U. 

Energy equivalent in ft. lb. = 114*8 x 1400= 160,720 

= kinetic energy of steam if losst's are 
neglected. 

WV^ 

—- = 160,7.20 where 1 lb. 

2 ?_ 

F = N/I60,720y 64-4 
= 3216 ft per sec. 

Power available with 2J lb. of steam per min. 

= 2J X 3 60,720 ft. lb. per min. 


.-. H.P.= 


2i X 160,720 
33.000 
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p.^mplA 4. If 24,000 lb. of steam per hour enters a turbine at a pres¬ 
sure of 250 U). per sq. in. aha. and 80 Fahr. degrees of superheat and 
exhausts at lib. per aq. in. abs. and 0*96 dry, determine 

(1) the heat drop or change in heat value per lb. of steam, 

(2) the change of volume per lb. of steam, 

(3) the horse power developed, assuming no losses. 

Use the approximate form of Callendar^s equation for superheated steam. 


(1) From steam tables, total heat at 250 lb. per sq. in. abs. and 80 Fahr. 
degrees of superheat = 1255-7 B.Th.U. per lb. 

Total heat at 1 lb. per sq. in. abs. and 0-95 dry 
= 69-5 +0 95 X 1032 9 
= 1050-8 B.Th.U. per lb. 

^ Change in heat value = 1255-7 - 1050-8 or 204-9 B.Th.U. per lb. 


(2)F = 


1-2464 


(H - 835) 


1-2464 


(1255-7 - 835) 

ft. = initial volume. 


Final volume per lb. 


250 

= 2-097 cu. 

= 0-95 X specific volume at 1 lb. per sq. in. 
abs. 

= 0-95 X 333-1 or 316-4 cu. ft. 

= 316-4 - 2-097 or 314-3 cu. ft./lb. 


/. Increase in volume 
(3) Heat energy drop per lb. = 204-9 B.Th.U. 

„ „ „ min. = 204-9 X 24,000-r 60 B.Th.U. 

= 81,960 B.Th.U. 

„ ,, 81,960x778 ^ 

Horse power available = — oo AAn — = 1932-3. 

oo,OUU 


EXERCISES ON CHAPTER IV 

The steam engine and its control. ^ 

1. Enumerate the chief parts of a simple non-condensing double¬ 
acting steam engine, and briefly state their chief functions. 

2. Sketch and describe a slide valve, and show how it is worked and 
how it distributes the steam. 

3. Define the terms ; steam or outside lap, exhaust or inside lap, 
angle of advance and travel in relation to the simple D slide valve. 

4. Make an outline sketch of an eccentric and explain briefly how it 
operates the slide valve of a simple engine. 

. 5. The area of a slide valve is 80 sq. in. and the steam pressure on it 
is 150 lb. per sq. in. Find the force required to move it. Coefficient of 
friction between valve and chest =0*1. 
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6. Describe methods employed for automatically controlling and 
steadying the speed of a simple steam engine. 

7. Describe with skotchos one form of governor for a steam engine. 

8. Explain the benefits to be derived from employing the expansive 
properties of steam. How can it be arranged ? 

9. What means have been employed in modem engines to reduce 
condensation losses in cylinders ? Why is it undesirable to employ tlio 
same passages for boiler and exhaust steam ? 

10. Describe the chief features of the Uniflow engine, and state its 
advantages over other types of reciprocating engines. 

* 11. The boiler of a steamship supplies steam at 220 lb. per sq. in. 
abs. and at 775° F. to a heat exchanger, in wiiich its temperature (Crops 
to 590° F., before supplying the steam to the high pressure cylindt^r. 
Find the number of B.Th.U. supplied by the boiler steam per lb. to 
the exhaust steam from the high pressure cylinder in this heat exchang(‘r. 
Neglect losses and take the specific heat of superheated steam at this 
pressure as 0*56. 

12. The cylinders of a compoimd engine are 30 in. and 64 in. in dia. 
respectively. Cut-off in the H.P. cylinder occurs at J stroke. What is 
the ratio of expansion for the engine ? 

* 13. A triple expansion engine has cylinders 20 in., 35 in., and 48 in. 
in diameter. If the high-pressure valve cuts off at I of the stroke, wliat 
is the total ratio of expansion employed by the engine ? 

i 14. The steam pressure on a piston of 4 in. diameter is 200 lb. per s(|. 
in. and the back pressure is 6 J lb. per s(|. in. Find the resultant force on 
the piston. If the steam is cut off at J stroke, find the ratio of expansion 
and the hypothetical mean effective pressure, neglecting clearance., 

* 15. If steam be admitted into the cylinder of a steam engine at a 
pressure of 75 lb. per sq. in. above that of the atmosphere (which may 
be taken to be 15 lb. per sq. in.) and be cut-off at one-third of the stroke, 
calculate the pressures at i, J and at the end of the stroke. A.ssum(‘ 
PV = const. 

Draw to scale a diagram which shows how the pressure varies during 
the stroke. (U.L.CM.) 

^ 16. A steamship with triple expansion engines and exhaust turbin<‘s 
and using steam at 220 lb. per sq. in. abs. and 200 Fahr. degre^es of 
superheat has cylinders 22 in., 37 in. and 61 in. in diameter with a 
common stroke of 45 in. Assuming no cut-off in the H.P. cylinder, 
calculate the total ratio of expansion. Using this ratio of expansion and 
taking the expansion as being according to the law = const., 

estimate the steam pressure at exhaust from the reciprocating engines 
and thus at entry into the turbine. Neglect losses and the effi'ct of 
clearance space. 
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17. The length of the connecting rod of a locomotive is four times the 
length of the crank. Find by a scale drawing (a) the position of the 
crank when the piston is at quarter and half stroke, (6) the position of 
the piston when the crank is 90® from a dead point. 

18. If the angle of advance of an eccentric is 30® and its throw is 
SI in., find by a scale drawing the distance of the valve from its mean 
])osition when (a) the crank is at its inner dead centre, (6) when the 
crank has turned through another 30®. 

19. Draw a sectional scale view of a D slide valve from the following 
information : Outside lap = J in. Inside lap = J in. Breadth of steam 
port = l in. Breadth of e^diaust port = 3 J in. Thickness of metal 
between ports = 1 in. Travel = 3^ in. 

20. Find the width of opening of the steam port for the valve in 
Question 19 for the two positions of the crank in Question 18. 

21. Given that the eccentricity of an eccentric is 2 J in., the steam lap 
of a D slide valve 1J in. and the lead given to the valve by the eccentric 
as J in., determine 

(a) the travel of the slide valve, 

(b) the angle of advance of the eccentric. 

' 22. For the valve and eccentric as given in Question 21, and assimi- 

ing no inside or exhaust lap, find the positions of the crank relative to 
th(* centre line of the piston for the events of admission, cut-off, release 
and cusliioning. 

23. Answer Question 22, but assume an inside or exhaust lap of J in. 

24. Given that a simple slide valve has a travel of 6| in., outside or 
.steam lap IJ in., inside lap | in. and lead in., obtain the relative 
crank and piston positions for the events of admission, cut-off, release 
and compression. Express the piston positions as fractions of the com¬ 
pleted stroke. Find the angle of advance. 

25. Construct a probable indicator diagram for the valve control 
specified in Question 24. 

26. Describe a Stephenson’s link motion and make an outline sketch. 
Explain how the engine may be reversed. 

Steam engines, power, performance and testing. 

27. Sketch and describe a steam engine indicator. Why is it used ? 

28. For the indicator reducing gear shown in Fig. 92, and taking 
AB= 12*8 in., AD = 3 in., BC = 1*8 in. and a piston stroke of 8 in., find 
by a scale drawing the actual travel of the dnun and the position at 
ono quarter and three quarter stroke of the piston. Take the drum as 
being at mid-travel when AB is vertical, 

29. Calculate the stiffness of spring required to give an indicator scale 
of 100 lb. per sq. in. per in. for an indicator piston area of 0*75 sq. in, 
and a ratio of pencil travel to indicator piston travel of 6 to 1, 
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30. Sketch the type of indicator diagram usually obtained from a 
steam engine, pointing out the most important features. 

31. Show by sketches the probable effect of the following upon the 
indicator diagram for a steam engine with correct valve setting; 
(a) too great a ratio of expansion, (b) too late release, (c) insufficient 
load to valve, (d) too early release, (e) too early compression or 
cushioning. 

32. Describe the method of obtaining the indicated horse power of a 
single-acting engine. What additional measurements and calculations 
are necessary if the engine is double-acting? 

33. The high-pressure cylinder of a high-pressure compound loco¬ 
motive has a bore of 11*4 in. and a stroke of 25 in. The lengths of the 
mid-ordinates in inches taken from a typical indicator diagram are as 
follow : 0-72, 1 025, 1 026, 0-78, 0*54, 0-4, 0*28, 0 19, 0 1, 0 07. 

Calculate the indicated horse power developed in this cylinder if the 
crank shaft revolves at 232 r.p.m. The scale of the indicator spring 
used was 1 /400. Steam is admitted to both sides of the piston. 

34. A double-acting steam engine has a cylinder diameter of 6 in. 
and a stroke of 10 in. The mean effective pressure of the steam i*- 
45 lb. per sq. in. Determine the engine speed and the mean piston 
speed if 21 H.P. is to be developed in the cylinder. 

' 36. The mean effective pressure of the steam in an engine cylinder is 

50 lb. per sq. in. The cylinder diameter is 16 in. and the piston stroke 
22 in. Find the speed of the engine in r.p.m. when the horse power is 
170. (U.L.C.I.) 

36. Indicator diagrams taken from each end of the cylinder of a 
Uniflow steam engine of cylinder diameter 3P in. and stroke 66 in. are 
shown in Fig. 105. The piston and tail rods are 6 in. in diameter. 
Calculate the I.H.P. at 130 rev. per min. 




Fzo. 105. Indicator diagram from Uniflow steam engine. 
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37. Fig. 106 shows indicator cards taken from the high-pressure 
cylinder of an L.M.S. compound locomotive with cut-off at 0-67 stroke. 
The cylinder is 19 in. in diameter and the stroke 26 in., while the piston 
and tail rods are 3^ in. in diameter. Calculate the indicated horse 
power, if the locomotive speed was 60*8 m.p.h. and the driving wheels 
6 ft. 9 in. in diameter. 



Atmospheric Line 

Fio. 106. Indicator diagram from high-preBSure cylinder of a 
locomotive. 

38. The following data is taken from a test on a 3-cylinder German 
State Railway high-pressure compound locomotive with two L.P. 
cylinders. Speed 66 m.p.h. Diameter of driving wheels, 6 ft. 6 in. 
Cut-off in each cylinder 36%. 

Each L.P. cylinder 19-7 in. diameter, 24-8 in. stroke, M.E.P. 63*4 lb. 
per sq. in. 

H.P. „ 11-42 in., diameter 24-8 in., stroke, M.E.P. 

170-6 lb. per sq. in. 

Calculate the horse power developed in each cylinder, and lienee 
determine the total indicated horse power. 

39. Sketch and describe a form of rope brake suitable for testing an 
engine of about 12 H.P. Show the arrangements made for cooling the 
brake. 

40. If in an engine test the net load at the end of a brake arm of 27 in, 
is 260 lb., calculate the indicated horse power if the speed averaged 
120 r.p.m. Also calculate the indicated horse power if the mechanical 
efficiency is 76%. 

41. Distinguish between a transmission and an absorption dynamo¬ 
meter, and describe a form of one of them. 
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42. The following data were obtained during an experiment with a 
aouble-acting single cylinder steam engine : mean effective steam 
pressure, 30 lb. per sq. in. ; number of revolutions per min., 180; 
effective force at brake drum circumference, 160 lb. The diameter of 
the cylinder was 8 in., piston stroke 10 in., and the brake drum diameter 
4 ft. Find the I.H.P., B.H.P., and mechanical efficiency of the engine. 

(U.L.O.I.) 

43. A steam engine develops 52 I.H.P. and uses 2100 lb. of dry steam 
per hour at 70 lb. per sq. in. abs. The exhaust pressure is 4 lb. per sq. in. 
and dryness fraction 0*7. Calculate 

(a) the rate at which heat is being supplied to the cylinder, 

4(6) the heat equivalent of the I.H.P., 

(c) the indicated thermal efficiency of the engine. 

44. State the observations you would make in conducting a tost on 
a single cylinder double-acting steam engine. 

45. A compound locomotive using 17 lb. of steam per indicated horse 
power per hour at 215 lb. per sq. in abs. and superheated to 650° F., 
exhausts the steam at 20 lb. per sq. in. abs. and with dryness fraction 
0-97. Calculate the indicated thermal efficiency (without boiler) and 
the heat rejected per I.H.P. hour. Cp for superheated steam 0-568. 

46. A locomotive travelling at 56-3 m.p.h. has driving wheels 78*8 in. 
in diameter. The indicated horse power developed was 1143, using coal 
of calorific value 13,700 B.Th.U. per lb. at the rate of 60 6 lb. per sq. ft. 
of grate area per hour. If the draw bar pull was 6,422 lb. and the grate 
area 20 sq. ft., calculate 

(а) the crank shaft speed in r.p.m., 

(б) the brake or draw bar horse power, 

(c) the mechanical efficiency, 

(d) the overall brake and indicated thermal efficiencies. , 

47. Steam at an absolute pressure of 90 lb. per sq. in. is admitted to 
a cylinder and cut-off at 0-4 stroke. Draw the hypothetical indicator 
diagram to scale and find the area of the diagram and the theoretical 
mean effective pressure of the steam during the stroke if the back 
pressure is 16 lb. per sq. in. Check your answer by using the formula 
for hypothetical mean effective pressure. 

48. What mean effective pressure would be necessary if 16 H.P. is 
to be developed in a cylinder 10 in. in diameter and a stroke of 15 in. if 
the engine speed were 120 r.p.m.? The engine is single-acting. 

49. From the data given below, (a) draw the hypothetical indicator 
cliagram and determine its area, (6) find the theoretical mean effective 
pressure, and (c) calculate the indicated horse power, ckssumlng a 
diagram factor of 0*75 and the engine single-acting : 

!^iler pressure, 120 lb. per sq. in. abs. Rev. per min., 200. Cut-offf 
0*4 stroke. Piston area, 20 sq. in. Stroke, 22 in. I3ack pressure, 
9 lb. per sq. in. 
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50. Steam at 75 lb. per sq. in. abs. is admitted to a cylinder of a 
double-acting engine with a piston and tail rod. Tak^ cut-off as 
being at J stroke and a back pressure of 4 lb. per sq. in. obtain the 
mean effective presstire. If the piston area is 120 sq. in. and the crank 
lOi in. long, calculate the theoretical work done per stroke in the 
cylinder. 

51. Calculate the theoretical steam consumption for the engine in 
Questioil 60 neglecting condensation and the effect of clearance space 
for a speed of 160 r.p.m. if the specific volume of steam at 75 lb. per. 
sq. in. alw. is 6*806 cu. ft. per lb. 

Also determine the work done per cubic foot of steam and compare 
your answer with the work done per cu. ft. of steam if steam is admitted 
at the full pressure of 75 lb. per sq. in. abs. throughout the stroke, t.e. 
without expansion. 

52. The hypothetical mean effective pressure for a proposed engine 
is 66 lb. per sq. in. Taking a diagram factor of 0*7, find the dimensions 
for the bore and stroke of a single cylinder double-acting engine to 
develop 60 H.P. at 135 r.p.m. with a ratio of stroke to bore of 1*6. 

63. Calculate the diagram factor for a locomotive engine cylinder in 
which steam is admitt^ at 172 lb. per sq. in. abs., the cut-off is at 
quarter stroke and the back pressure 23 lb. per sq. in. From a diagram 
the actual mean effective pressure was found to be 55*73 lb. per sq. in. 

54. The following observations were made when making a test on a 
locomotive : 

I.H.P., 1190; steam consumption, 19,380 lb. per hour, of which 
1200 lb. was used for train heating and auxiliaries ; boiler pressure, 
250 Ib. per sq. in. abs. and 250 Fahr. degrees of superheat; exhaust 
pressure, 19 lb. per sq. in. abs. and dryness fraction 0*97 ; coal con¬ 
sumption, 73*9 lb. per sq. ft. of grate per hour ; calorific value of coal, 
14,050 B.Th.U. per lb. ; grate area, 31 sq. ft. ; crank shaft speed, 
212 r.p.m. 

Calculate: 

(а) the cylinder steam consumption per horse power per hour, 

(б) the heat received by the cylinders per minute above 32® F, 

(c) the heat equivalent of the indicated horse power, 

(d) the thermal efficiency of the engines,. 

(e) the heat lost to exhaust per minute,« 

(/) the thermal efficiency of the locomotive on the I.H.P. basis. 

55. A small high-pressure compound locomotive developing a draw 

bar horse power of 800 consumed 1800 lb. of coal per hour of a calorific 
value of 13,500 B.Th.U. per lb., and us€>d 12,000 lb. of steam per hour 
initially at 850 lb. per sq. in., and superheated so that the toUd heat per 
lb. was 1400 B.Th.U. The feed water temperature was 62® F. 
Calculate (o) the thormal eMciency of the boiler, and (6) the brake oi 
draw bar thermal efficiency of the engine and boiler. ^ 
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56. Fig. 107 shows indicator diagrams taken from a stationary coni* 
pound engine. The engine particulars are : 

H.P. or high-pressure piston area, 58*6 sq. in. 

I^.P. or low-pressure piston area, 192*3 sq. in. 

Stroke 22 in. in each case. 

Mean steam pressure at stop valve is 69*45 lb. per sq. in. abs. and 
condition is dry. 



1 _ 

30 

_ Atmospheric Line 


L P. Instroke unjacketed 


J 




Fio. 107. Indicator diagrams from compound steam engine. 


Revolutions made, 9865 in 100 min. test. 

Mean torque or turning moment on brake wheel, 2318*8 lb. ft. 

Wt. of steam supplied, 2013 lb. in 100 min. 

Total heat supplied per lb. of steam, 594*2 C.H.U. 

Find (a) the mean effective pressure and horse power for the H.P. 
and L.P. cylinders, (b) total T.H.P. (c) B.H.P. and mc'chanical effi¬ 
ciency. (d) steam per B.H.P. hour, (e) brake thermal efficiency. 
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^7. What is the nature of the relation existing between the steam 
consumption for an engine and the power develop^, assuming constant 
cut-off, if the engine is of the reciprocating type? How does the use of 
superheated steam affect the relation? 

58. The results obtained by testing an engine imder different loads 
are shown in the table ; 


Steam consumption in lb. per hour (S) 

437-5 

462 

529 

611 

I.H.P. (P). 

10-1 

15-2 

19-8 

25 4 


Plot a graph and obtain an approximate linear relation between S 
and P. What is the probable steam consumption for a power of 18 H.P, ? 
Also find the rate of steam consumption per I.H.P. hour when the power 
developed is 20. 


Steam turbines. 

59. Briefly describe a de Laval turbine, and show how the energ 5 ’ in 
the steam is converted into kinetic energy. 

60. Dry saturated steam at 180 lb. per sq. in. abs. is supplied to a do 
Laval turbine, and it is exhausted at atmospheric pressure, 14*7 lb. j^er 
>q. in. absolute, with a dryness fraction of 0 865. Find the heat drop 
and the steam speed as it leaves the nozzles, if friction and all losses are 
neglected. What is the blade efficiency if the steam leaves the blades 
with an absolute speed of 1500 ft. t)er sec. ? 

61. Why must a de Laval turbine run at a higher speed than a 
Parsons’ turbine ? What is the essential difference between an impulse 
turbine and an impulse-reaction turbine ? 

62. Describe how the difficulties of leakage and axial thrust are over¬ 
come in a modem form of Parsons’ turbine. 

63. The Parsons’ turbine described in this chapter is guaranteed to 
deliver 1 unit of electricity at the generator terminals for each 10,986 
B.Th.U. supplied at the stop valve at its most economical output of 
16,000 kW. What is the thermal efficiency of the turbine and generator 
for this output ? 

If the output is 20,000 kW., then 11,185 B.Th.U. are required per 
kilowatt hour. What is the efficiency at this maximum load ? 

64. 3 lb. of steam per minute, initially at 300 lb. per sq. in. and 180 
On. degrees of superheat, is expanded in a nozzle to 80 lb. per sq. in. 
and 30 Cen. degrees of superheat. Calculate the heat drop per lb. and 
the steam speed at the outlet to the nozzle. Neglecting all energy loss, 
liml the power available. Take Cp for superheated steam as 0-56 at 
the higher pressure and 0*54 at the lower pressure. 












CHAPTER V 

INTERNAL'COMBUSTION ENGINES 


Gas, heavy-oil and petrol engines—Engine operation, performance and^ 

testing 

All engines which burn fuel within the working cylinder are in¬ 
cluded in the term internal combustion engines. These engines may 
be classified according to the type of fuel used, for example, gas, 
oil or petrol engines. The burning of the fuel in the engine cylinder 
provides a much more efficient heat engine theoretically, but the 
high temperatures and pressures involved cause constructional and 
operative difficulties which are not easy to surmount, especially with 
large power units. ^ 

Cycles of operation. Internal combustion engines may be also 
classified according to the cycle of operations emploved, that is, to 
the arrangements made for carrying out the four fundamental pro¬ 
cesses of charging, firing, compression and exhaust. The most com¬ 
mon cycles are (1) the four-stroke cycle which takes four strokes of the 
piston to perform the four operations, and (2) the single-acting two- 
stroke cycle which takes two strokes to perform the four operations. 

The four-stroke Otto cycle was first ar^vonatfid by Beau de Rochas in 
1862, but was not put into practical effect until 1876 by Dr. Otto. 
This cycle is really a compromise between attempts to produce An 
engine of high thermal efficiency on the one hand and at the same 
time mechanical simplicity on the other. The cylinder is provided 
with clearance space which acts as a combustion chamber such that 

. X. stroke + clearance volume 

the compression ratio =-=-i-=r. In the Otto 

clearance volume 

cycle a combustible mixture of fluid fuel and air is drawn into the 
cylinder during the suction stroke (see Fig. 108 (a)), at approximately 
a little less than atmospheric pressure. On the return stroke (Fig. 
10$ (6)) this charge is compressed and the pressure rises, its ultimate 
value depending upon r, which in turn depends upon the type of 
engine and the fuel used. At about the dead point, or perhaps a 
little before, the fuel is ignited and explosion or burning and expan- 
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sign occiir (Pig. 108 (c)). As the mixture cannot expand instan* 
taneously the rapid ignition causes a sudden rise of pressure, and 
the piston is driven forcibly forward while the pressure falls. During 
the fourth stroke the spent gases of combustion are driven from the 
cylinder (Fig. 108 (d)), through the exhaust valve. Thus the way is 
prepared for drawing in a new charge and a repetition of the cycle 
of operations. The cams used to raise the inlet and exhaust valvea 




Fxo. 108. The four-stroke or Otto cycle, 
are turned by a shaft, called the cam or half-speed shaft, which is 
geared to the main crank shaft of the engine so that the cam shaft 
rotates at exactly half the crank shaft speed. This arrangement 
ensures that the inlet and exhaust valves are lifted once per two 
revolutions of the engine. 

The gas engine. The parts of a small gas engine are shown in 
Fig. 109. As compared with the small reciprocating steam engine 
the chief differences are (1) the absence of a crosshead, (2) in the 
valve gear, (3) in the jacketing arrangements, and (4) in the use of 

Q BJi.X.S.lE 
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a trunk piston open at one end in the single-acting engine, and 
which takes the place of the combined piston and crosshead in the 
steam engine. 

In the gas engine the connecting rod is directly coupled to a 
hollow cylindrical trunk piston of large bearing surface by means of 
a pin called a gudgeon pin ; the small end of the connecting rod 
oscillates about the gudgeon pin, which is fitted and fixed into bear¬ 
ings in the piston. To prevent the escape of gases the piston is fitted 
with rings similar to those used in the steam engine. Screw gears 
enable a cam shaft to be driven at half the speed of the crank shaft. 



Both inlet and outlet valves are kept closed and upon their scats 
by powerful springs, and they afe lifted at the right time by levers 
actuated by cams on the cam shaft, in a similar way to that illustrated 
in the heavy oil engine (Fig. 116). When the inlet valve oipem^ air 
and gas are drawn, by the outward motion, of the piston and the 
suction set up, through non-return valves (not shown) into a passage 
and then through the inlet valve (Pig. 109). On the return stroke 
of the piston the mixture of gas and air is confined’to the clearance 
Bpaoe, and at the correct moment the mixture is ignited by an 
olectric spark which is made to pass at this moment between the 
metal points of the ignition or sparking plug. 

Since the temperature of combustion of the gas-air mixture 
is very great, the cylinder is prevented from getting red-hot by a 
i»urrounding water jacket through which water circulates, the circu¬ 
lation being set up and maintained by convection currents. In 
large cylinders developing more than 150 H.P. the pistons have also 
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to be cooled, and a pump circulates the cooling water. Contrast this 
with the steam jackets in the steam engine designed to prevent the 
cylinders cooling to such an extent as to cause excessive condensa¬ 
tion of steam. With the internal combustion engine, between 30 
and 40% of the heat energy of the fuel is carried away by jacket 
water, which means that this proportion of the fuel energy has to be 
deliberately sacrificed to put theory into practice. Modem materials 
of construction would soon lose their properties and strength unless 
their temperatures were controlled by cooling water or air. 

Another desirable fitting for a gas engine is a gas bag, or aati- 
fluctuator as it is called. This helps to prevent, when town gas is 
being used, variations in the mixture during successive suction 
fttrokcs, as it supplies a suitable reserve of gas near the engine. The 
anti-fluctuator consists of a cylindrical metal casing, with one of the 
circular metal faces replaced by a rubl^er diaphragm. To the centre 
of uhe diaphragm the spindle of the inlet valve to the anti-fluctuator 
ih connected, so that when the diaphragm deflates it opens the 
\ alve and allows more gas to enter from the supply. The store of 
gas in the anti-fluctuator is always available for any sudden demand 
made by the engine. It is also necessary to fit some form of silencer 
to a gas or other internal combustion engine. The silencer usually 
fitted consists of a cast iron box having a capacity of about five times 
that of the engine cylinder. In this box the exhaust gases can 
expand freely, and baffles are provided to reduce their velocity 
before* they are released into the atmosphere. As the gases expand 
and cool, moisture may be condensed inside the silencer, and some 
means must be provided for draining this off. 

Since the gas engine working on the 4-stroke cycle receives only 
one impulse stroke per two revolutions, it is imperative to supply a 
larger flywheel than is necessary for a similar powered double-acting 
steam engine. This larger flywheel is needed to carry the engine 
past the dead points and to reduce the fluctuations in speed during 
the cycle of operations. Another advantage which the steam engine 
possesses is in the matter of starting. The double-acting steam 
engine or turbine can be made to start directly the steam stop valve 
is opened, whereas the internal combustion engine need$ special 
starting equipment to set the engine in motion. One or two of the 
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methods of starting internal combustion engines are dealt with 
briefly in this chapter (p. 260). 

Comparison of thermal efficiencies. 


T 3 ^ of boat engine 

Gas engine 

Heavy oil 
Diesel 

Water-tube 
boiler and 
turbine 

Fuel per B.H.P. per hour - 

19*3 cu. ft. 

0-35 lb. 

0-6 lb. oil 

B.Th.U. supplied per B.H.P. per 
hour 

9650 

6685 

11,400 

Thermal efficiency (brake) 

26-4% 

38-35% 

22-3?;, 


The above table shows the relative oil fuel consumption and jper- 
centage of energy converted into useful work (thermal efficiency) 
for two types of internal combustion engine and for a water-tube 
boiler and turbine plant. The^figures given for the latter are the 
record low fuel consumption for the power plant of a turbine 
steamer of 20,400 shaft horse power. It must be remembered, how¬ 
ever, that there are other considerations besides thermal efficiency 
and fuel consumption in the choice of a heat engine, such as uni¬ 
formity of speed and energy output, reliability, initial and main¬ 
tenance costs, suitability for large or small outputs of power, and 
space available for installation. A brake thermal efficiency of 
38-8% has been obtained from a high speed Diesel engine. 

Exft. 34. Valve mechanism for an I.C. engine. 

Objects. To compare the anumnt of valve opening with the, angle 
of rotation of the operating cam and the movement of the rocker bar. 

Apparatus. The apparatus for this experiment may be con¬ 
veniently arranged on a horizontal board. The valve, valve guide, 
gas port and return spring and collar are fixed to operate freely as 
shown in Fig. 110. The end of the valve is faced to provide a smooth 
bearing surface for contact with a roller attached to an indicator, 
pivoted, and fitted with an extension spring. This indicator 
registers on a scale the valve displacement. The poppet end of the 
valve is operated by a rocker bar fitted with a roller at the cam end. 
The cam is free to rotate on its shaft and operate the rocker bar 
and thence the valve. An extension to the cam end of the rocker 
bar provides an indicator which shows on ^ scale the rocker bar 
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movement, or the radial variation of the cam. A scale behind the 
cam indicates the amount of cam rotation. 

Method of procedure. Set the cam, by means oftfi square end 
key, so that the valve is closed, and notice that all the indicators 
register zero. Rotate the cam clockwise through 30®, and note (a) 
the rocker bar cam end movement and the valve displacement. 



Fxo. 110. I.C. Valve mechanism. 


Continue the experiment, and obtain similar results for each 30® of 
cam rotation. Enter these results in a suitable table, and prepare 
a multiple axis graph of cam rotation in degrees against rocker bar 
movement and valve displacement. Calculate the velocity ratio of 
the tocker bar by measuring the distances x and y and finding the 

X 

ratio -. Verify that the valve displacement is approximately given 

X ^ 

by - times the tocikes^^ end displacement. * 
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Conclusions, (a) Write down your observations concerning the 
amount of valve opening and its relation to the cam rotation. 

(6) From your graph draw to a scale of three times full size the 
approximate cam profile for this valve gear, taking the minimum 
radius as I inch. 

Principles of action of the gas engine. Fuel. A mixture of gas 
and air is drawn into the cylinder, the proportion varying with the 
gas used. With coal gas about nine or ten times the volume of air 
is required, but poorer qualities of gas need less air. It is extremely 
important that the gas supply be uniform in quality, quantity, 
temperature and pressure, and clean, that is, free from tarry and 
gritty matter which would settle on valves and ignition plugs. The 
air supply is freed from dust by being drawn over some matting 
material, which also has the effect of reducing the noise set up by 
the suction of the engine. Greater power is obtained per stroke by 
ensuring that the explosive charge drawn into the cylinder is as cool, 
and therefore as heavy as possible. The gas and air supply should 
both be capable of adjustment, the gas by a gas cock or tap and the 
air supply by a butterfly valve (Fig. 64) or a rotary slide valve. 

Suction. The outward motion of the piston creates a partial 
vacuum which causes a rush of air and gas into the cylinder, although 
the inertia of the gas and air and the resistance to flow through 
valves and pipes has to be overcome first. If the in'let valve is 
closed slightly late the inertia of the gases, now in motion, will 
cause the flow to continue right until the valve closes, and thus com¬ 
pensate somewhat for the lag at the commencement. It is also 
important that the exhaust valve should not close too early, f)ther- 
wise more exhaust or spent gas is trapped in the cylinder, which 
prevents a full charge being drawn in during suction. 

Compression. The mixture of gas and air is facilitated by the flow 
through the inlet valve and by the subsequent heat of compression. 
The ratio of compression depends upon the temperature attained 
during compression, which must not exceed the temperature of spon¬ 
taneous ignition, and it is found that the more hydrogen there is 
present in the gas the lower must be the maximum permissible pres¬ 
sure. A common compression ratio is 5 or 4 : 1, and the equation of 
the compression curve is probably something like = const. A 
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leaky piston or other causes of loss will, of course, considerably 
reduce the final pressure. 

Example. If the presmire pi at the commencefnerd of compreeeion is 
atmospheric (14*7 lb, per sq, in,find the pressme p^ of the mixture at 
the end of compression if the compression ratio is 4 : 1. 

Now or ~ = ) =4^», since — =4. 


Log^=g xlog4^ xO-6021 =0-8028. 


^ = 6 351 or K, 

Py T 


= 6-351 X 14-7 =93-36. 

pressure = 93-36 lb. per sq. in. 


Explosion and Expansion. TEe^arge is usually fired a little before 
the iilner dead centre position, so as to ensure that the greatest 
pressure reached, which takesiplace a little time after ignition com¬ 
mences, may coincide with^tHe momentarily stationary position of 
the piston. To determine the moment when ignition should occur, 
it will be necessary to eonsid^ the nature of the ignition, the nature 
of the mixture and the engmeWeed. Pre-ignition, or too early igni¬ 
tion, tends to reverse the (fireojion of rotation as explosion occurs 
during compression, and so strains the materials and works against 
the engine. It may be due to (a) too great compression temperature 
and pressure, (b) faulty ignition gear, (c) red-hot ])articles of carbon 
or overheated portions of thelcylinder walls or combustion chamber, 
(r/) hot exhaust gases retained in pockets and on ledges in the com¬ 
bustion chamber, (e) overloadidg the engine, and so making it too hot. 

When an explosion occurs on the suction stroke, that is, when 
th(‘ incoming fresh gases are ignited by gases still burning in the 
cylinder from the previous exhaust stroke, the engine is said to 
back-fire. ) 

Exhaust. To allow the pressman the cylinder to fall to that of 
the atmosphere by the end of Aa exhaust stroke, the exhaust valve 
is opened after about 76% of tilt working stroke is completed, the 
idea being to give ample time &r the evacuation of exhaust gases 
from the cylinder. When separlwdir and gas valves are fitted, the 
air valve can be arranged to open Just before the exhaust valve 
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closes, so that the air can help ^ sweep the exhaust gases from the 
cylinder. This action is termed scavenging, and since the gas valve 
is not opened until the exhaust closes there is no waste of fuel. The 
practice of placing the air inlet valve vertically over the exhaust 
valve in horizontal gas engines assists scavenging, as the air can 
sweep straight across and cool the combustion chamber and valves. 

Control of engine speed or governing can be effected by : 

(а) Cutting off the gas entirely and admitting air only when the 
speed exceeds a certain amount. (This is called the hii and miss 
method of governing.) 

(б) Varying the opening of the gas inlet valve and keeping the 
air admission constant. This is called quality governing. 

(c) Varying the quantity of mixture (but not the proportions) to 
the cylinder by giving a variable lift or opening to the inlet valve. 

This is called quantity governing. 

The principle of governing 
in the first method is shown 
diagrammatically in Fig. 111. 
At normal speed the cam on 
the half-speed shaft causes the 
rocker arm to oscillate at the 
correct time in the engine cycle, 
in such a way that the knife 
edge K engages with and moves 
the Vee grooved block V. The 
motion of the latter, which is 
in contact with the end of the 
spindle of the gas inlet valve, 
opens the valve against the 
compression of its closing spring 
and permits a charge of gas 
to enter the cylinder. Air enters 
by a separate valve (not shown) 
during the whole of the suction stroke. Should the engine speed 
increase, the governor raises the sleeve S, which lifts the block V 
and causes the knife edge K to miss, so that the gas valve is not 
opened. This naturally decreases the engine speed, and the block V 



Fio. 111. 
miss method, 
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drops to its normal position. The cooling of the engine, due to the 
fact that a firing stroke is missed and o^y cold air is drawn into 
the cylinder, also tends to restore the engine to its normal running 
speed. In this method every charge is of normal strength, but the 
engine misses a charge intermittently, so that the output of the 
engine shall balance the usually constant external load on the engine, 
thus setting up the condition for steady speed. The hit and miss 
method is not suitable where large valves have to be operated and 
large valves controlled, but is economical in fuel consumption. 

The second method of governing finds less favour, because alter¬ 
ing the strength of the mixture should entail the altering of the point 
of ignition if the best results are to be achieved, which is an imprac¬ 
ticable proposition. It is suitable for large engines with heavy 
pistons, since the compression pressure does not vary very much. 

The third method is very suitable for large engines, as it does not 
tend to upset the engine efficiency; there is, however, owing to 
the variation in compression pressure, some difficulty in cushioning 
the reciprocating parts when these are heavy. 

Self-contained gas engine plants. These consist of a gas generator 
and cleaner and a gas engine to convert the available chemical to 
mechanical energy. 

A common form of plant generates producer gas by passing air 
and steam through red-hot carbonaceous matter. The idea em¬ 
ployed is to bum carbon to form carbon monoxide, and to utilise 
as much as possible of the heat generated by the burning carbon 
in splitting up the steam into hydrogen and oxygen, of which the 
latter combines with more carbon to form carbon dioxide and carbon 
monoxide. Hence producer gas consists of hydrogen, carbon mon¬ 
oxide, carbon dioxide and nitrogen. Before passing to the engine, 
the gas is cooled and cleaned by flowing through a coke scrubber, 
which is kept sprinkled with water so that dust and many of the 
other impurities are removed. Producer gas requires a minimum of 
1*1 cu. ft. of air per cu. ft. for complete combustion as compared 
with 6*25 cu. ft. of air per cu. ft. of town gas. 

Engines using waste gases. In certain industries waste gases are 
available for utilisation as fuel, and when surplus gas cannot be sold, 
the gas engine forms the most economical means of conYorting.heat 
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into mechanical or electrical energy. Coke oven ga8» which is a by¬ 
product in the production of coke, is a very suitable fuel, as it con¬ 
tains principally hydrogen and methane and possesses a calorific 
value almost equal to that of coal or town gas. Coke oven gas 
requires a minimum of 5 cu. ft. of air per cu. ft. of gas for complete 
combustion. 

Blast furnace gas can also be used if care is taken to clean it free 
from dust. It is generated during the process of reducing iron ores 
and has a low calorific value (about 100 B.Th.U. per cu. ft.). A 
minimum quantity of about 0*75 cu. ft. of air is required per cu. ft. 
of gas for complete combustion. 

Sludge gas, which is available at sewage disposal works, has a 
calorific value of 625 B.Th.U. per cu. ft., and contains about 66 per 
cent, methane. The latter is a slow-burning gas, and care in ensur¬ 
ing a thorough mixing of gas and air leads to increased efficiency. 

Testing for correct engine operation. The indicator for a gas 
engine must be capable of giving an accurate diagram in spite of 
high engine speed and high temperature of the gases. An external 
stiff spring and light moving parts are essential. Fig. 112 shows an 



Fig. 112. Indicator diagram, gas engine. 


ideal indicator card for a gas engine with correct setting of 
valves and ignition. Notice that the maximum pressure reached 
coincides with the inner dead centre when the speed was 315 
r.p.m. The burning of the fuel occurs at comiant volume^ that 
is, ^ instantaneous explosion when the piston is at the inner dead 
centre, and then expansion follows with fall in pressure. The lowest 
line on the diagram indicates the suction line when the pressure is 
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below atmospheric. During compression the pressure line crosses 
the straight atmospheric line, and the pressure increases until the 
point of ignition causes the pressure line to become almost vertical. 
Expansion follows as far as the toe of the diagram, when the exhaust 
valve opens and the pressure line connects up with the point at the 
commencement of the suction stroke. The small looped diagram 
below the main diagram, that is, the part enclosed between the 
suction and exhaust pressure lines, is generally referred to as the 
pumping diagram, and registers the work which the engine has to do 
in drawing gases into the cylinder and ejecting them. When pre¬ 
ignition occurs, the vertical explosion line appears some little distance 
from the inner dead centre, so that a small loop is formed at the top 
of the indicator card. Late ignition can be detected on the indicator 
card by a hump in the expansion line between the end of compres¬ 
sion and the opening of the exhaust valve. 

Valve and ignition setting. The x)ositions of the crank at the 
opening and closing of the valves for a four-stroke gas engine, with 
combined gas and air inlet valve 
to the cylinder, and also the 
timing of the ignition are shown 
by the radial lines in Fig. 113. 

These positions are only approxi¬ 
mate, and depend upon the engine 
construction, size and speed and 
the type of fuel used. The ex¬ 
haust and inlet valves are actually 
open longer than the time for one 
stroke, in the effort to overcome 

gas friction and inertia, and to evacuate and charge the cylinder 
rapidly. Since the valves are operated by cams, levers and rocking 
arms (see Figs. 110, 111 and 116), the valves are only fully open 
during a portion of the cam operation. 

In Fig. 114 a modem gas engine made by the National Gas Engine 
Co., Ltd., is illustrated. These engines can also be adapted to run 
on petrol or alcohol. Separate gas, air and exhaust valves l^^are 
fitted, and these , are made accessible for easy removal and for 
cleaning and grinding. Low-tension electric ignition is fitt^ in 



Fig. 113. Valve setting, four-stroko 
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such a way that the timing of the ignition can be varied. The 
magneto and ignition gear are seen at the side of the cylinder and 
breech end, to the right of the governor balls, and below, the half¬ 
time shaft with its cams and gear cases is clearly shown. A mag¬ 
neto contains permanent magnets and generates a spark in the 
cylinder by employing mechanical energy. The engines are fitted 
with a self-starter, consisting of a small hand pump, by which an 
initial charge of gas and air can be pumped into the cylinder and 



Fig. 114. A National gas engine. 


ignited by means of a si)ecial lever attached to the magneto. The 
first impulse obtained starts the engine, and this initial motion is 
sufficient to carry the piston on until it draws in the working 
charge in the usual way. A lubricating pump is fitted, driven by 
an eccentric and sheave from the half-time shaft, and this pump 
supplies the principal bearings through glass sight feeds fitted in 
the Supply pipes, and shown one on each side of the fuel pump. 
It will be seen that the lubricating pump starts and stops with the 
engine. 
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'Toting of internal combustion engines. In a simple test the 
observations made are similar to those usually taken with the 
steam engine. They are : 

(а) the diameter of the engine cylinder and piston stroke^ 

(б) the number of explosions made per minute, 

(c) the weight or volume of the working substance used per 

minute, 

(d) the condition of the fuel and its calorific value per unit weight, 

or volume, as supplied to the engine, 

(e) the brake torque and the speed of the crank shaft, 

(/) the quantity of cooling water received by the engine 'per 
minute and its temperature rise, 

(y) the mean effective pressure in the cylinder by means of 
indicator diagrams. 

Prom the above data the following calculations can be made : 
Heat received by the engine per minute = quantity of fuel per min. 

X calorific value per unit quantity. 

Indicated horse power 

Work done per firing stroke x no. of firing strokes per min. 

33,000 

nPALE 
~ 33,000 ’ 

where P=mean effective pressure in all cylinders in lb. per sq. in., 
A = area of pistons in sq. in., 

L = stroke in ft., 

JS?= number of explosions per minute. This depends on the 
type of engine and the tyi)e of governing. For an 
engine taking in a charge every cycle, j&^half the 
number of revolutions for a four-stroke cycle or the 
number of revolutions for a single-acting two-stroke 
engine or the number of engine strokes for a double¬ 
acting two-stroke engine. 
n - number of cylinders. 

Brake horse power, mechanical efficiency, indicated and brake 
thermal efficiencies, as explained on pp. 202, 205. 



244 


ENGINEERING SCIENCE 


Heat absorbed by jacket water in B.Th.U. per min. 

=wt. of water per min. x temperature rise in Fahr. degrees, 
wt. of fuel per hour 


Fuel per B.H.P. hour = - 


B.H.P. 


The latter calculation gives the rate of fuel consumption on a 
comparative basis. 

A heat balance sheet is often drawn up, showing how the heat 
received by the engine per minute is disposed of. This is exemplified 
in examples Nos. 2, 4, pp. 268, 270. The heat which is lost to 
radiation and in the exhaust gases is generally assumed to effect a 
balance between the columns of input and disposal, when more 
reliable data is unavailable. 

Fig. 115 shows the essential features of a high-speed Diesel engine 
indicator, which is capable of recording high cylinder pressures at 
high speeds with the minimum of error for this type of recording 
instrument. (See p. 192). 


Example. From the following mean data obtained during a test on a 
small gas engine^ calculate the indicated and brake horse powers, the 
mechanical and thermal efficiencies, and the percentage of heat carried away 
in the cooling water : 

Bore, 6] in, ; stroke, 12 in, ; r.p,m,, 290 ; explosions per minute, 139 ; 
mean effective pressure, 64-1 Ih. per sq, in, : gas conswnphon, 2*7 cu. ft. 
per min, ; calorific value of gas, 280 C.H.U, per cubic ft. ns used by 
engine ; mean brake load at radius of 20 in., 74 lb. ; 10-1 lb. of cooling 
water raised through 29-7° C, each minute. 

I.H.P. Work done per minute ~ rr x- f ^ 64 1 ^ 139 = 295,250 ft. lb. 

10 

Indicated horse power 

B.H.P. Work done per minute 
Brake horse power 

Mechanical efficiency 


295,250 
" 33,000 ' 

- 74 X 77 y ^ 290 = 224,800 ft. lb. 

224,800 
"" 33,000 
6 81 


-8-96. 


= 6-81. 


8.95" 


8*95 X 33,000 
' 1400x2*7 A 280 


=27*89%. 


Indicated thermal efficiency 
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Brake thermal efficiency 


Heat to jacket water 
Heat supplied to engine 


work absorbed by brake 
energy supplied 


6-81 X 33,000 
1400 X 2-7 X 280 


=21*23%. 


101 x29*7 
2*7 x 280 


0*397 or 39*7%. 



Fig. 115. Diesel engine indicator. {Messrs. Mclnfiss, Dobbie.) 

More worked exa&ples are given at the end of the chapter, after 
other types of internal combustion engines have been dealt withr 
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The efficiency of an internal combustion engine increases as the 
compression ratio increases, and this can be readily understood by 
considering the indicator diagram. As the compression ratio 
increases, the clearance volume or combustion chamber volume 
decreases, and this means an increase in the length of the indicator 
diagram at the end where the pressures, and therefore the height of 
the diagram, are greatest. 

The advantages of high compression are summarised below. 

(1) More work is done per stroke, due to a higher mean effective 
pressure. 

(2) A smaller engine is possible for the same output of energy. 

(3) Economy in fuel is obtained, as weaker mixtures can be ignited 
more easily when highly compressed. 

(4) Less spent gases remain in the cylinder at the completion of 
the exhaust stroke to reduce the effectiveness of the next charge. 

The great disadvantage is that the high compression increases 
the danger of pre-ignition, especially if, as previously mentioned, 
there is a large hydrogen content in the gas. 

Heavy-oil engines. Oil engines using heavy mineral and coal tar 
oils are forming an increasingly important class of internal com¬ 
bustion engines. In this type the fuel is forced or pumped into the 
cylinder about the end of the compression stroke, thus making 
pre-ignition impossible and permitting compression pressures to be 
much higher and thereby increasing the thermal efficiency. There 
is also less risk of fire in the storage of this heavy oil than A\ith petrol 
or paraffin. With oil engines employing medium or high compres¬ 
sion pressures the heat of compression is sufficient to ignite the fuel, 
and thus costly ignition gear is not required. For this reason, 
medium compression and high compression oil engines are often 
referred to as compression ignition engines. The earlier oil engines 
employed low compression, and ignition v as effected by a hot bulb 
or uncooled extension of the combustion chamber. Oil engines can 
thus be classified by the degree of compression used. Later it will 
be seen that they can also be classified by the method of fuel injec¬ 
tion employed or by the mode of starting the engines. High com¬ 
pression engines are generally called Diesel engines. 
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Di^l engine* The high thermal efficiency of the Diesel engine is 
due to the high compression ratio employed (about 14 : 1). This is 
made possible because pre-ignition is avoided by compressing air, 
and forcing the oil fuel into the cylinder in the form of a spray, 
at a time when the piston has reached or nearly reached the end of 
the compression stroke. The heat of compression reached at the 
dead point position causes spontaneous combustion, and the burn¬ 
ing of the fuel maintains the compression pressure during the power 
stroke until the fuel is cut off. Diesel engines thus work on what is 
called the constant pressure cycle, because the heat generated by the 
combustion of the fuel is given to the engine at approximately con¬ 
stant pressure. Gas engines are said to work on the constant volume 
cycle, because the heat is developed instantaneously by the explosion 
of a mixture of fuel and air while the piston is momentarily station¬ 
ary. The Diesel engine is noted for its smooth and comparatively 
quiet running, due to the absence of any explosion during each 
(‘ycle. Medium-compression heavy-oil engines which work partly 
on the constant pressure and partly on the constant volume cycle, 
or dual cycle as it is sometimes called, are often termed semi-Diesel 
engines. The low-compression hot-bulb type of oil engine working 
on the constant volume cycle is also often called a semi-Diesel 
engine, so that the term has little to commend it except usage. The 
maximum compression pressure is lower in the latter engines, which 
admits of lighter and less costly engine construction. 

Strictly speaking, the semi-Diesel engine is one in which the oil 
charge is sprayed directly into a combustion chamber, and it is 
ignited by the heat of an uncooled part of this chamber together 
with the heat generated by the moderate compression of the 
air. The charge is injected at about the time of maximum air 
compression in the cylinder, and the combustion takes place at 
approximately constant volume. 

Fig. 116 shows a longitudinal section of a Crossley Premier hori¬ 
zontal Diesel engine, which works on the four-stroke Otto cycle. It 
shows clearly the mode of valve operation by cams and levers 
usually associated with internal combustion engines. Lubrication is 
carried out by a pump to the main moving parts, the streams of oil 
passing through visible glass plates, and these streams can be oeffi- 
B B3aE.8. n 
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116. Longitudinal section. Crossley Premier Diesel engine. (By courUay of Messrs. Crossley.) 
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trolled by needle valves. The used oil drains back into the sump 
through filters and can be used over again. These engines can be 
converted in about two hours to run on gaseous fuels, and they are 
very economical and efficient, a six-cylinder engine developing 
750 B.H.P. It will be noticed that the engine is well cooled, 
provision being made for cooling around the valves. 

Principles of fuel injection. In the Crossley Premier Diesel engine 
the fuel is pumped and sprayed into the cylinder, without the aid of 
compressed air, and this method is termed airless or solid ixgection. 
The early Diesel engines were all of the air-mjection t}^ in which 
high-pressure air was used to force the fuel into the cylinder. In 
the process of injection it is important to see that: 

(а) the correct quantity of oil is delivered during each working 

stroke; 

(б) the injection is made at the point of maximum compression 

and at the correct rate to maintain constant pressure in the 
cylinder during combustion; 

(r) to divide the oil into as fine a spray as possible and distribute 
it evenly throughout the combustion chamber. 

When the fuel is driven by a blast of air into the compressed and 
hot mass of air at the end of the compression stroke of the engine, 
it is referred to as air-blast injection or simply air-injection. This 
method has the advantage that the fuel is better distributed in the 
combustion chamber, which leads to economy in fuel consumption. 
The disadvantages are that (a) the cooling^ffeet of the cold blast 
of air hampers combustion, and (6) a costly air-compressing plant 
capable of dealing with pressures of about 1000 lb. per sq. in. has 
to be used, a plant which absorbs about 6 per cent, of the whole 
output of the engine. Improvement has been made by employing 
compact three-stage air compressors with the cooling of the air 
between each stage. In this way mechanical difficulties have been' 
overcome, but the increased pow'^er required must alw'ays be enn* 
sidered. 

In the air-injection system oil is pumped in small charges, each 
just sufficient for one firing stroke, into the casing around the injec¬ 
tion valve. This casing is also kept charged with high-pressure air^ 
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and, when the injection valve is lifted off its seat at the right 
moment by means of a cam and system of levers, the oil charge is 
blown with great force into the combustion chamber through holes 
in the nozzle uncovered by the valve. 

With the airless or solid type of injection the fuel is forced by a 
pump directly through a nozzle with very fine holes at a pressure of 
from 4,000 to 10,000 lb. per sq. in. in order to ensure a fine spray 
spreading throughout the combustion chamber. There are many 
different forms of airless injection and, in every type, great care is 
necessary to prevent the very fine nozzle holes from becoming 
clogged, even temporarily. 

In the case of the so-called semi-Diesel type of engine, the fuel 
inlet valve is not operated by a cam but is forced open, against the 
pressure exerted by its closing spring, by the fuel pump delivery 
pressure, and the whole of the oil required for one firing stroke is 
suddenly sprayed into the combustion chamber or a specially heated 
extension of it. In the latter case the extension is referred to as 
the hot bulb, the presence of which produces practically instantan¬ 
eous combustion and a rise of pressure considerably above that 
reached at the end of compression. There are now a large number 
of medium-compression heavy-oil engines in which the hot bulb 
has been entirely dispensed with, the automatic ignition of the 
charge being arranged by increasing the compression pressure just 
sufficiently to ignite the charge. -These are also generally classed ^ 
by engineers as “ semi-Diesels,” because the combustion is partly at 
constant volume and partly at constant pressure ; hence the com¬ 
pression pressures are less than in the true Diesel engine, i,e. an 
engine in which the pressure reached is never higher than that 
reached at the end of compression. A cold starting engine is one 
which does not require a hot bulb or the application of heat to a 
portion of the combustion chamber. 

Diesel fuels. The types of fuel suitable for Diesel engines are 
(a) the crude and residual heavy petroleum oils of specific gravity 
0*85 to 0*95 at 60® F., and having a calorific value of from 18,500 
to 19,500 B.Th.U. per lb.; oils of an asphalt base which tend to 
gum-up the valves are unsuitable; (6) the coal tar oils of specific 
gravity 1 to 1*1, and of calorific value 16,000 B.Th.U. per lb.; 
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these oils require a very £dgh temperature to start ignition, and this 
difficulty has been overcome by introducing a more readily com¬ 
bustible oil prior to introducing the coal tar oil. 

Diesel engine indicator cards. Fig. 117 shows typical indicator 
cards, one for a four-stroke and one for a two-stroke Diesel engine, 



both being of the air-injection type ; the card for the latter engine 
is reversed so as not to cause confusion. The effect of the main 
operations of the engines are shown in the indicator diagrams, those 
for the two-stroke are added for comparative purposes, and should 
be studied in conjunction with the description of the Fetter engine 
which follows. 

Four-stroke. 

1. Suction of air, A to B, below atmospheric pressure. 

2. Compression, B to C, up to about 500 lb. per sq. in. abs. 

3. Combustion, C to D, practically at constant pressure. 

Expansion, O to E, foiling pressure. 

4. Exhaust, E to F and F to A, at slightly above atmospheric 

pressure. The exhaust valve begins to open at E. 

Two-stroke. 

1. Suction, A to H, slightly below atmospheric pressure. 

2. Compression, H to J, up to 500 lb. per sq. in. abs. 
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3. Combustion, J to K, practically at constant pressure. 

Expansion, K to L, falling pressure. 

4. Exhaust, L to G, at about atmospheric pressure. 

Scavenging, M to A and A to G. 

Broadly speaking, the four-stroke engine is preferred for high 
speeds when effective scavenging or removal of the exhaust gases 
is important, and this is difficult to achieve in the two-stroke engine. 
For high powers and low speeds, the two-stroke engine is finding 
favour, especially when it is double-acting. The two-stroke engine 
has the higher mean temperature during a cycle, and consequently 
is the more difficult to cool satisfactorily. 

Vertical two-stroke Diesel engine. It is proposed to deal nov^ vith 
a Diesel engine, which will illustrate the two-stroke constant pres¬ 
sure cycle of operation and the principle of the Diesel engine at the 
same time. The engine is made by Messrs Fetters, Ltd. of Yeovil, 
now of Loughborough, to whose courtesy the illustrations are due 

The two-stroke cycle. This cycle is completed in each revolution 
of the crank shaft, and the exhaust valve in practice is replaced by 
ports, which are covered and uncovered by the piston itself. Fig. 
118 shows the complete cycle of operations. In A the piston is 



A B D E 

Fig. 118 . Two-stroke cycle. 

moving upwards and has just closed the exhaust ports on the left 
and also the air trunk inlet on the right. Compression of the air in 
the cylinder follows, and just prior to the piston reaching the top 
of its stroke (Fig. 118, B) the injection of the oil fuel commences. 
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The heat of compression causes the fuel to ignite spontaneously as 
soon as the dead centre is reached, and it bums approximately at 
constant pressure until the supply is cut off, the actual point of cut¬ 
off being controlled by the governor. Expansion of the hot gases 
follows, which forces the piston downwards and provides the im¬ 
pulse or working stroke. 

When the piston reaches the position shown in diagram D the ex¬ 
haust ports are being uncovered, and the spent gases can expand! 
down to atmospheric pressure. As the downstroke nears completion 
(diagram E), the air ports on the right are uncovered, allowing a cur¬ 
rent of scavenge air at a gauge presmire of about 3 lb. per sq. in. to 
be directed upwards through the coned ports*, past the conical crown 
of the piston, to the top of the combustion chamber. The latter is 
conical and smooth and deflects the air downwards, sweeping the 
exhaust gases before it. Fig. 120 shows clearly the direction of flow 
of scavenge air, and scavenging continues until the piston returns 
to cover the air ports as sho’WTi in diagram A (Fig. 118). 

Principles of operation. Fig. 119 illustrates piston positions in the 
centre diagram, and crank positions on the right-hand diagram, at 


Position of Piston 



Fig. 119. Principles of operation for two-stroke Diesel engine. 

the commencement and completion of the major operations of com¬ 
bustion, expansion, power, compression, exhaust and scavenging. 
























Fig. 12(k Cross-section, two-stroke Diesel^engine.- 

at the end of the compression stroke remains practically constant, 
for the short period while the fuel is being burnt, up to the point of 
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cut-off; abo that as soon as the exhaust valve is opened the 
pressure drops to about atmospheric pressure and remains so during 
scavenging. 

Air for scavenging is drawn into the crank case through thin 
flexible inlet plates fitted over narrow ports on a door in the upper 
half of the crank case. This air is drawn in during the upstroke of 
the piston until the top of the stroke is reached and is compressed 
on the downstroke, the rising pressure automatically closing the air 
plates, causing them to act as non-return valves. When the air 
ports to the cylinder are uncovered bv the piston, this air being 
under pressure rushes through the ports, drives out the exhaust 
gases and tends to cool the cylinder. A compressor for scavenge air 
IS necessary on the two-stroke cycle. 

Fuel oil is injected into the cylinder through an atoxoisfir* cen¬ 
trally" placed in the cylinder cover, in the form of a cone-shaped 
spray. The minute particles of oil mix intimately with the 
highly compressed and turbulent air, producing efficient and al¬ 
most complete combustion. No alteration is made in the pressure 
forcing the fuel through the atomiser for variations of engine speed 
and load. 

Details of construction. Fig. 120 shows a section through the 
engine, with its water-cooling and scavenging arrangements, and the 
position of the atomiser. The bedplate forms the lower portion of 
the crank case, and is extended on the governor side in the single 
cylinder engine to take the operating and control gear, and to pro¬ 
vide an oil sump for the fuel pump and governor operating gear. 
The upper portion of the crank case is a separate casting bolted to 
the bedplate, and the cylinder is bolted to and supported by the 
crank case. It will be noticed that the cylinder head is provided 
with a water jacket, the upper portion being detachable from the 
lower so as to give access to the water space for cleaning. Fig. 
121 shows the cylinder head with the atomiser in position. Cool¬ 
ing water enters at the bottom of the cylinder jackets, passes 
through ports into the cylinder head, and leaves through the pipe 
at the top. The cylinder head is also provided with a compression 
relief plug, shown to the left of the atomiser, while its inside 
surface is machined ail over to lessen gas friction. The crank shaft 
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for a single cylinder engine is shown in Fig 122 ; it is machined 
from a solid forging and provided with balance weights Fitted to 
one of the crank webs is a grooved oiling ring, which receives oil 



Fig 122 Crank shaft 
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In Kg. 123 a main bearing is illustrated, the cast iron cap being 
lifted to show the solid oiling ring. The two halves of the bearing 



Fio. 123. Maui bearing. 

are made of gun metal lined with white metal to lessen friction. Oil 
is lifted by the large oiUng ring, from an oil ^ell, to the top of the 


shaft, while this ring is dragged 
slowly round by the shaft. The 
assembly of the piston and con¬ 
necting rod and gudgeon pm are 
shown in Fig. 124. The illustration 
also shows how the piston rings 
are kept from rotating by small 
stops or pegs, the pegs being 
staggered so that they are not in 
one straight line. A set screw is 



Fig. 124, Piston and connecting 
rod assembly. 
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used to fasten the gudgeon pin to its bearings or bosses in the 
piston, the pin being previously carefuUy ground to size. It is the 
practice to relieve the stresses set up in the piston, due to unequal 
contraction during cooling of the casting, by subjecting it to special 
heat treatment. 



Fig 125. Single cylinder, two-stroke, Diesel engine. 

To lubricate the small end of the connecting rod as it oscillates 
about the gudgeon pin brass wipers are fitted to the ends of the 
latter, and these by pressing lightly against the cylinder waDs 
collect oil and deliver it to the bearings. The connecting rod is 
made of high tensile valve steel and is of I section, to make it light 
and well able to resist bending. A complete single cylinder engine 
is illustrated in Fig. 126, its output being 90 B.H.P. The flywheel 
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is of the solid disc type, machined on faces and rim, carefully 
})alanced and bolted firmly to a flange, forged solid with the crank 


shaft, to secure perfect alignment. 

Fuel supply and governing. The fuel 
pump plunger is operated by a cam 
driven from the crank shaft, and this 
cam is fitted with adjusting screws and 
lock nuts so that the timing of the fuel 
injection can be adjusted. The plunger 
commences to deliver a full charge of 
oil tlirough the non-retum delivery 
valve to the atomiser, but at a certain 
period of its stroke a small spill valve 
plunger, controlled by the governor, 
lifts a by-pass or spill valve from its 
seat and allows the remainder of the 
charge to be by-passed back to the fuel 
supply. This small spiU valve plunger 
is actuated by the governor itself, which 
thus determines the amount of charge 
reaching the atomiser. 

Fig. 126 is a section through the 
governor, which is of the centrifugal 
type mounted vertically and driven 
from the crank shaft by helical gearing. 
Ball bearings are provided to lessen 
friction, and all the revolving parts are 
enclosed in an oil-tight casing. As the 



speed increases the governor weights Fio. 120. Section through 
move outwards and the bell crank levers 


lift the sleeve against the spring load. To this sleeve is connected 
the governor control shaft which controls the opening of the spill 
or by-pass valve. At the top of the governor, a hand wheel is 
provided for reducing the engine speed while jit is running. In 
operation the hand wheel adjusts the load on the governor spring, 
and thus raises or lowers the speed range controlled by the 
governor. ^ 
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Fig. 127 shows a section through the atomiser. Fuel enters by 
the pipe on the right to an annular chamber surrounding the needle 

holder (marked 3), and when the 
necessary pressure is exercised by 
the fuel pump plunger the needle 
valve (marked 2) is lifted ag^st 
a spring and the oil is sprayed 
through fine holes drilled radially 
in the nozzle. The fuel injection 
is maintained until the spill valve 
by-passes the remainder of the 
charge. A ball valve (marked 
13) held to its seating by a small 
thumb screw is used as an air 
release valve to allow of the fuel 
injection system being primed or 
precharged before starting. 

For the engine illustrated in 
Fig. 125 starting is effected by 
compressed air, at 350 lb. per sq. 
in., which is stored in receivers 
filled by a compressor, driven by 

the main engine shaft on to, fast 



2. Needle. 

3. Needle holder. 

4. Nipple. 

6. Spring. 


7. Spring carrier. , , ,, ,, 

12. Reloale bciw. and loose pulleys on the com- 


13. Ball valve. 
15. Needle stop. 


pressor shaft. The belt is trans¬ 
ferred to the loose pulley when 
the compressor is not working. It is necessary to water-cool the 
air compressor to abstract the heat gained by the air during com¬ 
pression and so prevent overheating. The compressor used is of the 
reciprocating type. 

Advantages of this two-stroke Diesel engine. 

(1) Simplicity of design. (2) No valve grinding required, as there 
are no valves. (3)^JIo air compressor for fuel injection, as the latter 
is airless. (4) Compact design and small area of foundation. (5) 
Economical in fud and lubricating oil consumption. (6) Easy 
starting and control. 
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The hannonic induction engine. Messrs. Fetters, Ltd., of Yeovil, 
have introduced a two-stroke Diesel engine, in which the exhaust 
gases are expelled from the cylinder and a new charge of clean air 
introduced, solely by taking advantage of the harmonic pulsations 
in this exhaust system. This engine requires no separate compressor 
and* does not employ crankcase compression, starting being effected 
byliand under cold conditions. Since, in this design, induction and 
exhaust depend upon the wave-length in the exhaust system, con¬ 
siderable attention has to be given to the situation and Arrangement 
of this exhaust system, but the use of an engine of this type presents 
very marked advantages in operation for constant speed work. This 
engine provides a high cyclic regularity in power, a power stroke in 
each revolution, a low power weight ratio, and clean exhaust at 
all loads. 

The makers estimate that an engine of 16 B.H.P. to this design 
will have a fuel consumption below 0*4 pints per B.H.P. per hour 
on full load, and that this figure remains practically constant over 
a wide range from half load to 10 per cent, overload. The lubricat¬ 
ing oil consumption is less than 0*004 pints per B.H.P. per hour, the 
engine is efficiently silenced, and the ordinary thermo-siphon system 
of cooling is effective. 

The petrol engine. Space will not allow of a detailed study of 
this engine, but a few of its main features can be dealt with. The 
great majority of petrol engines work on the four-stroke Otto cycle, 
uniformity of effort and speed being obtained by increasing the 
number of cylinders and components actuating one shaft, and vary¬ 
ing the firing so that the power or effort is spread over the revolution. 
By emplo 3 dng a number of cylinders (now standard practice with 
all internal combustion engines except very, low powers) a smaller 
flywheel can be used, and this again is made possible by the high 
speed of revolution of petrol engines. In these circumstances a 
lighter flywheel can prevent, successfully, violent fluctuations of 
speed during the cycle of operations. The high speeds also entail 
that the moving parts of the engine be strong but light, so that the 
forces necessary to accelerate and retard the i^ciprocating parts 
during each stroke may be reduced to a minimum. These forces are 
proportional to the mass of the reciprocating parts, and unless tRey 
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are minimised or balanced, lead to balancing troubles, vibration and 
unnecessary straining of the engine. The petrol engine differs from 
other internal combustion engines principally in the manner of 
obtaining an explosive mixture of fuel oil and air. For this purpose 
a carburetter is used. 

The caarburetter. The function of a carburetter may be divided 
into three parts : (a) to discharge into the air stream entering the 
Engine engine the required amount of fuel, 
Suction (fc) to break up or atomise that 
^ Throttle^ fuel, (c) to make as uniform a mix- 

Chamtir — 7xJo$iM ture as possible. Carburetters vary 

Needle^ a great deal in detail, but all con- 

V '''' form to the above-mentioned prin- 

ciples. The most simple form of 
' ~r. / -1 \ ' carburetter is shown in Fig. 128, in 

/ - \ which the level of petrol is con- 

^ trolled by a float operating a needle 

L rr . seppig valve. Petrol flows or is pumped 

Fig. 128. Principle of carbur- into this float chamber until the 

rising float closes the valve. The 
level of petrol then allows of some escaping through a fine jet, which 
is placed at the narrowest portion or throat or choke tube in the 
main air supply to the engine. The suction produced by the latter 
draws air through this throat in the induction pipe, and the reduced 
diameter causes an increase of velocity and a reduction of pressure 
there, in the same way as in the Venturi meter. The high velocity 
and low pressure in the throat facilitate the breaking up of the 
petrol and its admixture with the air. In order to control the 
supply of mixture to the cylinders, and consequently the engine 
speed, a butterfly valve or throttle valve is placed in the induction 
pipe, and this is shown above the throat in the diagram. A wide 
open throttle will allow of the maximum suction and supply of 
explosive mixture to the engine. 


Fig. 129 shows a modem Zenith type 30VM down-draught car¬ 
buretter in section? Besides the main parts already mentioned in 
the simple carburetter, it has many refinements and compensations 
to adapt it and make it efficient over a variety of engine speeds and 
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loads. Before entering the float chamber (4) the petrol passes 
through a filter. When the petrol has filled the passages (13) and 
(14), the capacity tube (9), and passages (15) and (17), as well as 
the float chamber, the petrol float (5) cuts off the supply by forcing 
the needle valve on to its seating, and the carburetter is said to be 



Fig. 129. Zenith carburetter. 

Se(*tional View of T5rpo 30 VM. 

1. Petrol union. 7. Main jet. 20. Distributor bar. 

2. Filter. 8. Compensating jet. 21. Choke screw and 

3. Needle. 9. Capacity tube. third bar. 

4. Float chamber. 10. Slow running jet. 23. Slow running air 

6, Float. 16. Emulsion block. adjustment screw. 

6. Needle seatmg. 18. Choke tube. 24. Progression jet. 

flooded. It must be remembered that the compensating jet, capacity 
tube and slow running jet, etc., are refinements for certain conditions 
of running, and that the main jet and passages (13) and (17) are 
primarily the essential parts. When the engine is running normally, 
air flows in through the pipe shown at the top of the diagram down 
past the distributor bar (20), choke screw anjd bar (21), creating a 
partial vacuum in the throat, especially beneath these bars, causing 
the petrol to flow from passage (19) across the throat and miK yith 
a n 
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the incoming air. The mixture then flows down through the 
butterfly valve to the induction pipe. 

It will be noticed that the capacity tube is in communication with 
the atmosphere, and as this tube is soon emptied of petrol when the 
engine first starts up with opening throttle valve, air becomes mixed 
with the petrol (at 16) coming from the compensating jet. The air 
breaks up the petrol and the emulsified mixture formed meets the 
petrol flowing from the mam jet along (17), tending to break up 
this petrol also. The supply from both sources will then be drawn 
from the emulsion block nozzle (19) into the throat or choke tube. 
In this way a very rich mixture is available for rapid or progressive 
getaway from slow running. 

For slow running, to keep the engine “ ticking ” over when the 
butterfly valve is nearly closed, petrol is drawn from the slow-runn¬ 
ing jet past an adjustable air supply, and the mixture enters the 
induction pipe through the small hole shown just below the butterfly 
valve. These carburetters are also fitted with a special automatic 
starting device. 

The car engine. A section through one cylinder of a four- 
cylinder Standard 10 H.P. car engine is shown in Fig. 130. The bore 
or diameter of the cylinders is 03*o millimetres, while the stroke 
of the pistons is 106 millimetres. A brake horse power of 32 
is developed at a peak speed of the crank shaft of 3600 r.p.m. 
No governor is fitted as the inertia of the car gives ample time 
for hand adjustment of fuel supply to meet the needs of tlie 
moment. 

The cylinders are off-set from the crank shaft axis (Desaxe prin¬ 
ciple) with the idea of reducing the side pressure of the piston on the 
cylinder, due to the connecting rod being inclined, during the do\^ii 
explosion stroke. Chromium iron is used in the construction of the 
cylinder blocks, but the pistons are made of aluminium and the 
connecting rods of a light steel alloy. The valves (inlet and exhaust) 
are placed side by side and lifted by cams giving simple harmonic 
motion to the valve spindles. Only one valve is shown, but the 
valve cam and the method of actuating the valve rods and tappets 
and the controlling springs are clearly seen. The oil sump is filled 
to the desired level through the oil filler shown, a dip stick being 
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used to determine this level. From the sump the oil is pumped to 
the engine bearings by a submerged gear t3rpe of pump in the oil 
sump which forms the lower half of the crank case. 

The current for the electric starter for the engine, the ignition and 
lighting is derived from accumulators which are kept charged by a 
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Fig. 130. Section through one cylinder of a motor-car engine. 

small dynamo driven from the engine. The ignition distributor with 
adjuster is shown, whereby the current of electricity can be directed 
in turn to each cylinder so as to produce a spark at the correct 
moment. 

Coil and battery ignition. A common method of produAg a 
spark for a x>etrol motor is by what is known as coil and 
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ignition. The principle employed is that of the induction coil, and a 
diagrammatic sketch is shown in Fig. 131a. The essential parts are 
a soft iron core surrounded by a primary coil consisting of a few turns 
of stout wire, and this primary coil is surrounded by a secondary 
coil consisting of a large number of'turns of fine wire. By sud¬ 
denly stopping the current in the primary circuit by means of the 
contact breaker, a current of much higher voltage is induced in 
the secondary coil. When the double pole switch (Fig. 131a) is 
closed, part of the current flows from the positive pole of the battery 



Fig. 131a. Principle of coil and batterj^ ignition for a car. 


through the primary coil and contact breaker and part through the 
filament of an indicator lamp on the dashboard. In a four-cylinder 
engine a cam ring actuated by the engine itself causes the tungsten 
points of the contact breaker to be sharply separated twice in each 
revolution so that two correctly timed surges of high voltage or high 
tension (H.T.) current pass from the secondary coil to the distri¬ 
butor. Fig. 131b shows how one end of the secondary coil, connected 
to the revolving contact arm of the distributor, feeds tfie high 
voltage current to each sparking plug^iiwjwjh a way that the firing 
order is 1, 3, 4, 2 in the respective cyljmbre. This current is con¬ 
veyed in turn to the centre pin of a spar^^ig^ug, which is screwed 
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Into the engine cylinder, but this centre pin is insulated from the 
body of the plug. The other end of the secondaiy coil is connected 
to the engine frame, so the circuit can only 
be completed by the current crossing the air 
gap in the cylinder between the sparking 
points and the centre pin of the plug in the 
form of a spark or series of sparks. As the 
secondary current is of high voltage, it as¬ 
sists the passage of the current across the air 
gap, which is about ^ of an inch. Modem 
practice inclines towards making the cf-ntre 
pin negative as this involves less wear on 
this part. The electrical condenser inserted 
aei oss the contact points prevents excessive 
s])arking. 

When the car engine has gathered speed the terminal voltage of the 
shunt dynamo (Fig. 13Ja and p. 341), \^hich is driven by the engine, 
rises above that of the battery. The dynamo then ‘‘ outs in to sup¬ 
ply low tension current for the primary ignition circuit and also cur¬ 
rent to charge the battery. Similarly, the dynamo is cut out when its 
spt^ drops and the voltage it generates falls below that of the battery. 

Commercial applications. In the use of I.C. engines it is often 
lu'cessary to extend the ordinary engine tests to obtain specific 
results which bear on the engine performance. In the following 
examples representative illustrations are taken of some of the 
actual requirements in (a) gas producer plant, (6) Diesel operation, 
(r) Diesel engine coupled to a generator, {d) automobile working. 
Ill each of these cases, certain results are of value, and these can be 
obtained by direct inference from the ordinarj^ tests. For example, 
in automobile work, given the gear ratios and road wheel diameter, 
road speed can be obtained, and thence the fuel consumption in 
miles per gallon. Further, in the Diesel-generator type, details, 
of generator output can be observed and overall efficiencies 
obtained, with particulars of the performance when used aa a 
locomotive. The making out of a heat balance sheet always 
proves instructive, as faults dre made readily apparent and may 
be remedied. 
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Example 1. Determine the thermal efficiency of an oil engine which 
uses 0-39 lb* of oil per B.H.P. hour if the calorific value of the oil is 
19,500 B,Th.U. per lb. If the engine develops 20 I.H.P. and the mech¬ 
anical effiiciency is 80%, calculate the brake horse power and the fuel 
consumption per hour. 

Heat to engine ~ 0-39 x 19,500 B.Th.U. per 

hour. 


Heat equivalent of 1 B.H.P. hour = 33,000 x 00-1-778 B.Th.I^. 

33,000 X 60 


/. Brake thermal efficiency 
B.H.P. 

Fuel consumption per hour 


778 X 0-39 X 19,500 

= 16x0-39 or 6*24 lb. 


X 100 = 33 47" 


Example 2. The following figures are taken from a test on a combined 
gas engine and producer playit : 

Producer. Coal consumption —84 lb. per hour. 

Calorific value of coal used —13,000 B.Th.U. per lb. 

Gas generated —64 cu. ft. per lb. of coal. 

Calorific value of gas —175 B.Th.U. per cu.ft. 

Engine, Speed —225 r.p.m. 

Horse power developed— 112 B.H.P. 

Explosions —83 per minute. 

Mean effective pressure - 93 lb. per sq. in. 

Bore —18 in. and stroke 27-7 in. 

Jacket water —70 lb. per min. with a rise of temperature of 
72° F. 

Calculate the overall efficiency of the plant and draw up a heat balance. 
Heat available in coal with complete combustion 
= 84 X 13,000^60 B.Th.r./min. 

= 18,200 B.Th.U./rnin. 

Heat supplied to engine per min. in producer gas 
= 64 X 175 X 84H-60 B.Th.U./rnin. 

= 15,680 B.Th.U./rnin. 

Heat lost in gas producer = 18,200- 15,680 or 2,520 B.Th.U./rnin. 

Heat to the jackets = 70 x 72 or 5,040 B.Th.U./rnin. 

Heat to brake = 112 x 33,000-r778 or 4,750 B.Th.U./rnin. 
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T.H.P. 


work per firing stroke x no. of explosions per min. 
33 , 0 ^ 


93x7rx 18* X 27-7x83 
4x33,000x 12 “ 

Heat equivalent of I.H.P. = 137-4 x 33,000-7-778 or 6,828 B.Th.U./min. 
Heat supply lost in engine friction = 5,828 - 4,750 B.Th.U./min. 


Ov^erall thermal efficiency 


1,078 B.Th.U./min. 
4,7.50 


18,200 


X 100 = 26-1% 


Heat balance 

B.Th.U. 

per 

min. 

* 

B.Th.U. 

per 

min. 

o 

0 

Ht'ut supplied to 


Ht-at^ lost in producer - 

2,520 

13 9 

plant per min. 

18,200 

„ to brake 

4,750 

26 1 



„ lost in engine fric- 





tion 

1,078 

5-9 



„ lost in jacket water 

5,040 

27 7 



„ lost to exhaust and 





to radiation (by 





difftTt'nce) 

4,812 

26-4 


18,200 


18,200 

lOO^o 


cample 3. The minimum air required per lb. of fuel for a Diesel 
oujine is 14 76., wh ile an analysis showed tfuit the air actually passing into 
the cylinders was 2 5 ti?nes the minimum. Calculate the heat carried off 
/>// flu products of combustion and by the e.rces^ air per lb. of fuel when 
tin ir temperature was 900*^ F. The temperature of the air at inlet uas 
eO F. Specific heat of products of cmnbustion = 0 25 and specific heat of 
air 0*24. 

Products of combustion per lb. of fuel = (14 1) or 15 lb. 

Excess ai*- -- (2J x 14 - 14) or 21 lb. 

H(‘at carrfftci away by the products of combustion per lb. of fuel 

= 15 X (900-50) X 0-25 

= 3187 B.Th.U. 

Heat carried away by excess air = 21 x (900 - 50) x 0-24 

= 4284B,Th.U. 
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Example 4. If in Example 3 the engird generated 25 with a 

fuel consumption of 9*3 26. of oil per hour, draw up a simple heat balance 
sheet to show haw the heat supplied is utilised or wasted by the engine. 
Take the calorific value of the oil as 19,500 B.Th,U. per lb. 

Heat to indicated work per lb. of fuel =--B.Th.U. 

9 X 77o 


= 6,841 B.Th.U. 

Calorific value of fuel = 19,500 B.Th.U. per lb. 


Heat balance 

B.Th.U. 
per 
lb. of 
fuel 


B.Th.U. 
per 
lb. of 
fuel 

() 

(1 

Heat supplied 


Heat to I.H.P. 

6,841 

35 

(per lb. of fuel) 

19,500 

,, to products of com- 





bustion 

3,187 

16-4 



„ carried away by 





excess air 

4,284 

22 



„ to jackets or radia¬ 





tion by difference 

5,188 

26 6 


19,500 


19,500 

100^, 


Example 5. A Diesel-electric rail car, in which the engine is coupUd 
directly to a generator, weighs 36 tons, and the total resistance to motion 
is 20 lb, per ton when the speed is 45 m.p.h, on the level. The generator 
supplies current to the motors, the output behig 400 amperes at 180 volts, 
TJie fuel consumption is 44 lb, per hour. If the calorific value of the oil 
used is 19,500 B,Th,U, per lb,, calculate : 

(a) The thennal efficiency of the combined engine and generator, 

(b) The efficiency of the combined motors and gears, 

(c) The fuel cost per H,P. hour used up at the rail. 

Take the specific gravity of the oil fuel as 0-83 and the cost as M, 7>cr 
gallon, 

45 m.p.h. = 66 ft. per sec. 


Reslstanoe x Speed 

Work done at the rail per second = 36 x 20 x 66 or 47,520 ft. lb. per soc. 
Output of generator 


= 400 X 180 or 72,000 watts or 


72,000 X 33,000 


ft. lb./min. 


= 3,185,000 ft. Ib./min. 


746 
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Input of energy from fuel =- ^ -ft. Ib./mm. 

= 11,125,400 ft. Ib./min. 

44 X 6 

Fuel cost per hour = rrr-—-r^ pence, since 1 gallon of oil weighs 

ID X U'oo , 

10 X 0*83 lb. and 1 gallon of water weighs 
10 lb., 

= 31*8d. 


(a) Thermal efficiency of combine<l engine and generator 

_ 3,185,000 
11,125,000 ® 

= 28 64%. 

(b) Efficiency of combined motors and gears 

47,520 X 60 


(c) H.P. at rail 


3,185,000 

47,520 X 60 
' 33,000 


X 100 = 89 - 5 *^^. 

= 86*4. 

31 8 


fu(*l cost per H.P. jier hour - or 0*368d. 


Jftample 6. A Jour-cylinder motor-car etigine working on the four- 
atroke cycle has cylinders of 2 2 in, bore and 3 in, stroke. At normal ftdl 
speed the engine makes 2,400 r,p,m, and the I,H,P, developed w 14, when 
using petrol of specific gravity 0*75 andwilorijic lalue 19,000 B,Th.U, 
per lb. Calculate 

(a) the mean effective pressttre ; 

(b) the ftdl consttmpiion in gallons per hour, assuming a thermal 
efficiency of 20% at normal full speed. 


, , 4PALE „ 33,000 X I.H.P. 

(a) LH.P. = - ——- or P = 


33,000 
r ' 


4ALE 

33,000 X 14 


irx 1 1* X 0*25 X 1,200x4 
= 101*3 lb. per sq. in. 


(6) Energy supplied to engine per hour 


= 14 X 33,000 X 60 X 5 -j-778 B.Th.U. 
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since only 1 part in 5 is usefully employed, i,e, 20%, 

= 178,100 B.Th.U. 


Wt. of petrol supplied per hour= , ' — - or 9-374 lb., 

19,000 

and since 1 gallon of petrol weighs 10 x 0-75 lb. 

9-374 

Fuel consumption in gallons per hour = — or 1-25. 

10 A 0 76 


Example 7. A car fitted with a ^‘Cylinder petrol engine and working 
on a four-stroke cycle has cylinders of in, bore and piston stroke 3-94 in. 
The top gear ratio is 4-77 and the road wheel diaiyieter 26 in. At on 
engine speed of 3,790 r,p.m, the mean effectiv>e pressure is 66 lb, per sq, in, 
and the fuel consumption is 2-3 gallons per hour. Taking the specific 
gravity of the fuel as 0-77 and the calorific value as 19,500 B.Th.r, per lb., 
calculate (a) the l.H.P, ; (b) the indicated thermal efficiency ; ((^he road 
speed in m,p,h, ; and the mileage per gallon of fuel. ' 


(a) l.H.P. = 


66 '' rr 

4 


2 252 , 3 94,3790 y 6 

^ 12 X 2 * 33,000 


= 29 69. 

(b) Indicated thermal efficiency = . 100 

heat to engine pc‘r min. 


29 69 X 33,000 < 60 > 100 
2 3 7 7^ 19,500 n 778 


-21 9 \ 

Note.— Since the specific’graviljr-rTf petrol is 0-77 and 1 gallon of 
water weighs 10 lb., 1 gallon of petrol weighs 7-7 lb. 

2f>7r 

(r) Circumference of road wheel = -- ft. 

J ^ 


Road wheel speed 


3790 60 

- 4 77 X j revs. p<T hour 
3790 X 60 X 267r 

-■ WTTWTsm 

= 60 m.p.h. 

60 


2 3 


= 26 -1 miles per galloo 


(d) Mileage per gallon of fuel 



EXAMPLES ON INTERNAL COMBUSTION ENGINES 


273 


fisample 8 . Assuming that the following equation : 

2CeHi4+ 190j= 12CO,+ 14H*0 

represents the complete combustion of petrol^ calculate the minimum 
quantity of air required per lb. of petrol if air contains 23% by weight of 
oxygen. The excess air supplied is bQ% of the theoretical quantity required 
for combustion. Find the heat carried off per lb. of petrol used by the 
exhaust gases at 900® F. and the percentage loss in this way^ if the calorific 
value of the petrol is 19,500 B.Th.U. per lb. Specific heal of exhaust 
gases = Air temperature, 60® JP. 

Molecular weight of p€»trol, C«H, 4 = 86 


>♦ »» *» 

oxygen. 

Og = 32 

»» J» »♦ 

carbon dioxide, COg = 44 

»» >» 

water. 

H*0=18 

From the equation, 



2C.H..+ 190* 

= 12 CO. 

14H*0, 


2'< 86 lb. + 19 X 32 lb.= 12 x 44 lb. -t-14 x 18 lb. 

172 lb. of petrol needs 19 32 or 608 lb. of oxygen for complete 

combustion. 

1 lb. of petrol needs 3H lb. of oxygen. 

3i J lb. of oxygen is contained in 3f| x lb. of air. 

• J b52 100 , 

minimum air required ~ ^ -or 15*37 lb. of air. 

43 23 

Total air supplied 15 37 -f 50^^o = 23 06 lb. 

Heat carricHl away per lb. of petrol 

= (23 06 -r 1 ) X 0-25 < (900 - 60) B.Th.U. 

- 5052-6 B.Th.U. 

Percentage loss = x 100 = 25-9. 

19,500 

EXERCISES ON CHAPTER V 

Principles of construction and control of internal combustion engines. 

1. Describe the four-stroke or Otto cycle. 

• 2 . ^etoh a section of a small gas engine showing the principal 
parts. 

3. Describe the principles of operation of a gas engine. 
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4. Show on a sketch the approximate times for valve opening and 
shutting and ignition, in relation to the position of the crank for a gas 
engine working on the Otto cycle. 

5. Describe the method of governing any internal combustion 
engine with which you are acquainted. 

6 . Deal briefly with the fundamental differences between (a) an 
internal combustion engine and a steam reciprocating engine, and (6) a 
gas and a Diesel engine. State the relative advantages, in each ease, 
which one engine possesses over the other. 

7. Sketch the indicator card of a gas engine with correct timing of 
valves and ignition. 

8 . Distinguish between pre-ignition and back-firing. How does the 
f(,)riner alter the indicator diagram ? 

9. Why is the mechanical efficiency of a gas engine or I.C. engine 
usually less than that of the reciprocating steam engine ? Define brake 
theimal efficiency. Which of the engines mentioned in this question 
ha^ the lower brake thennal efficiency ? 

10 . Describe the two-stroke cycle as applied to the Diesel engine. 
Why is a scavenge pump necessary ? 

11. Explain briefly how high compression increases the thermal 
efficiency of the internal combustion engine. State some of the 
measures cidopted to combat the mechanical difficulties entailed. Why 
is a high compression ratio impossible in a gas engine ? 

12. State the functions, and briefly tlescribe, the silencer and anti- 
fiuctuator of a gas engine. 

13. Sketch a valve suitable for a gas engine, and show by neat 
sketches the method of actuating the valve from the half-time cam 
shaft. 

14. Describe the metliod adopted for cooling any internal combustion 
engine with which you are acejuainted. Give sketclu^s. 

15. State the axlvantages and (iisadvantages attached to the employ¬ 
ment of a high compression ratio in the internal combustion engine. 

16. Draw diagrams to illustrate the valve oix»ration in relation to 
crank and piston positions for a two-stroke Diesel engine. Show clearly 
thesQ positions for the commencement and completion of fuel injoc‘tion, 
combustion, expansion, exhaust, scavenging, compression and power. 

17. Sketch an indicator diagram for a two-stroke Diesel engine, and 
mark on it the duration of the operations mentioned in Question 16. 

18. Describe with the aid of a sketch the battery and coil ignition- 
method for producing a spark in the petrol engine. 

19. How is an explosive mixture obtained in the petrol engine ? 
Sketcli and describe one form of apparatus employed. 
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20 . What is airless injer^tion ? State the function and give particulars 
of an atomiser. 

21. Differentiate betwe^ the constant volume and constant pressme 
cycles. Upon what cycle does the semi-Diesel engine work ? Why is 
the latter engine becoming very popular ? 

22. Give three different methods of classifying internal combustion 
engines. Provide examples in each case. 

23. Sketch typical indicator diagrams from (a) a high compression or 
Dic‘sel oil engine with combustion at constant pressure, (6) a medium 
compression oil engine with dual combustion, and (c) a low compression 
oil engine with combustion at constant volume. Assume a four-stroke 
cycle in each case. 

24. State the types of gets suitable for use in gas engines, and briefly 
describe a method of obtaining one of them. 

25. What arci the methods employed for starting heavy oil engine^? 
What is the meaning of the term “ cold starting ” ? 

26. Describe briefly the method of injecting fuel into a heavy oil 
<'ngine cylinder by air blast. Wliat are the advantages and disadvantages 
of the method? 

27. (Jive tiiriK.^ different methods of classifying heavy oil engines, 
stating the headings for each type of clas.sification. What advantage^ 
<lo heavy oil (‘iigines possess over the light oil engines, ne. those using 
petrol and paraffin as fuel? ' 

28. Describe briefly, with diagrams, the working of a two-stroke oil 

engine. (U.L.C.I.) 

29. Make a list of the observations which are necessary, and show 
what calculations have to be mode, in canydng out a simple test on an 
int(»mal combustion engine. 

30. Sketch and describe the main features of an iiwlicator suitable for 
a high spfHHl Diesel engine. 

Power and performance of internal combustion engines. 

31. A ship consumes for driving purposes 55 tons of oil per day of 
24 hours. One poimd of oil when burned gives out 10,3()0 C.H.U. Fiml 
Ijow m^y ft. lb. of energy are available per minute and the horse power 

lis^^jMj^rosents. (U.L.CM.) 

*"32. Make a sketch of the indicator diagram you would expect to 
obtain from a gas engine working on the Otto cycle. 

Find the I.H.P. of such an engine when the mean effective pressure 
of a working stroke is 73*7 lb. per sq. in., diam. of cylinder 8-5 in., 
stroke 16 in., revs, per min. 199, explosions per min. 60. (U.L.C.I.) 
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^33. One pound of petrol generates 18,200 B.Th.U. when burned com- 
^pletely. If an engine converts 30heat of combustion into 
work in the cylinder and its mechanical efficiency is 0*82, what will be 
the weight of petrol consumed per hour per brake horse power ? State 
what becomes of the remainder of the heat. (U.L.C.I.) 

^34. Describe the four-stroke cycle of operations of a gas engine, and 
make a sketch of a typical indicator diagram. The length and area of a 
gas engine indicator diagram were respectively 3*4 in, and 1*15 sq. in. 
The (ham. of the cylinder was 10 in. and the length of the stroke was 
16 in. The number of revolutions and explosions per min. were respec¬ 
tively 180 and 75, and the strength of the spring was 160 lb. per inch 
movement of the indicator pencil. Find the I.H.P. of the engine. 

(U.L.C.I.) 

•45. The very low value, with airless injection, of 0*358 lb. of shale oil 
per B.H.P. hour was record('d for a single cylinder engine of 8 in. bore 
and 11 in. stroke working on th(' Otto cycle when the speed was 1000 
r.p.in. The mean effective pressure was 100 lb. per in. and the 
mechanical efficiency 78^\,. 

Calculate (a) the indicated horse power, 

(6) the brake horse power, 

(c) the brake thermal cifficiency. 
of oil, 18,200 B.Th.U. pc'r lb. 

36. A four-cylinder petrol engine developing 20 B.H.P. at 1060 r.p.m. 
aab cylinders of 32 in. bore ancl 5 in. stroke. The inc^an effective pr«‘^- 
sure was 91 lb. per sq. in. Calculate the indicattni horse power and thc‘ 
mc'chanical efficiency. 

37. Fig. 132 shows an indicator card obtained from a single cylinder 
gas engine of 5 in. bore and 12 in. stroke at 303 r.p.m. (las consufnp- 



tion was at the rate of 161*8 cu. ft. per hour when the volume was 
reduc(‘d to N.T.P. Calculate the I.H.P. of the engine and the gas con¬ 
sumption in cu. ft. piT I.H.P. hour. 

38. Obtain the mean effective pressure for each of the Diesel engi^te 
indicator diagrams shown in Fig. 117, assuming that the spring scale is 
280 lb. per sq. in. per inch. 

State the difference in procedure in finding the indicated horse power 
of a two-stroke engine and the four-stroke engine. 
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39. Fig. 133 shows an indicator diagram taken from an airless 
injection oil engine of the hot bulb tjrpe. The bore and stroke are 7 -5 in. 



Fio. 133. Indicator card from an airless-injection oil engine. 


and 15 in. respectively and the engine speed 260 r.p.m. Calculate 
{(i) the moan effective pressure, (b) the I.H.P., and (c) the mechanical 
efficiency if the B.H.P. was 11 05. 

40. Assuming the power output of an intt'mal combustion engine is 
reduced by 3% for every 1000 ft. rise above sea-level and 1% for every 
5 F. measured above 90° F. in tropical countries, estimate the probable 
horse power of a 100 H.P. engine (d) at 3000 ft. above sea level in 
temperate climate, (b) at 105° F, at sea-level in the tropics. 

41. A four-cylinder, air-cooled aero-engine with cylinders of 118 mm. 
bore and 140 mm. stroke develops 120 B.H.P. at 2100 r.p.m. and con¬ 
sumes 8-5 gallons of petrol per hour. If the mechanical eflficieney is 
78*’o» calculate the moan effective pressure and the fuel consumption in 
pints per B.H.P. hour. 

_ A 500 B.H.P. Crossley Premier engine on full load test us(»d 
0-392 lb. of fuel oil per B.H.P. hour. On changing over to town gas of 
gross value 500 B.Th.U. per cu. ft. the gas consumption was 19-3 cu. ft. 
per B.H.P. hour, C.V. of fuel oil was 19,300 B.Th.U. per lb. Compare 
the performances bv converting the consumption of heat energy* to 
B.Th.U.per B.H.P. hour. 

j^43. A gas engine with four cylinders each of 9 in. bore and 13 in. 
stroke develops 108 B.H.P. at 500 r.p.m. and drives a generator the 
output of which is 70 kW. If the mechanical efficiency of the engine 
is 72%, find (a) the brake torque, (6) the efficiency of the generator, and 
(c) the mean effective pressure for the four cylinders. 

44. If in Question 43 the brake thermal efficiency of the engine is 
*27% and the calorific value of the gas 600 B.Th.U. per cu. ft., estimate 
’the fuel consumption in cu. ft. per hour and cu. ft. per B.H.P. hour,^ ' 
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^45. The mean effective pressure Sor the six cylinders of a four-stroke 
/fnarine oil engine are respectively 113, 107, 110, 116, 120 and 114 lb. 
per sq. in. The bore of the cylinders is 22 05 in. and the stroke 39*37 in., 
while 1,11'5^B.H.P. is developed at an average speed of 128*9 r.p.m. 
If 156,500 B.Th.U. are supplied to the engine per minut<.\ calculat<^ 
(a) the indicated horse power, (6) the mechanical efficiency, (c) the 
indicated and brake thermal efficiencies. , 

following mean observations were made during a test on a 
^>srfiiall gas engine : 

Bore, 5 in. ; stroke, 12 in. ; compression ratio, 4:1; r.p.m,, 324; 
mean effective pressure, 59*3 lb. per sq. in. ; gas consumption, 2*25 
cu. ft. per min. at 60° F. and a pressure of 30 in. of mercury; calorific 
value of gas, 480 B.Th.U. per eu. ft. ; mean brake load at radius of 
1 ft. 8 in., 45*4 lb. ; 5*1 lb. of cooling water per min. raised 79° F. 
each minute. 

Find tlie indicated and brake horsepowers, the mechanical, brake and 
indicated thermal efficiencies, and tlie percentage of heat lost in the 
cooling water. The number of explosions per minute averaged 162. 

In a full load test on a stationary single-cylinder Diesel engines 
^;«^)rking on the four-stroke cycle with a compression ratio of 15*5 to 1, 
the following observations were made : 

Fuel consumption, 15*75 lb. per hour ; R.P.M., 193 ; mean eff(*ctive 
pressure, 99*4 lb. per sq. in.; bore, 11*8 in. ; stroke, 18*125 in.; cooling 
waW, 17*6 lb. per min. rais<xl from 14*8° V, up to 54*5° C. ; calorific 
value of fuel, 10,160 C.H.U. per lb. (lower value) ; brake torque, 
959 lb. ft. 

Determine the indicated and brake horse powers, the mechanical, 
indicated and brake thermal efficiencies. 


48; Draw up a simple heat balance* sht'et for the engine of Qh*"- 
i(on 47. 


/ 49. A lorry engine with four cylinders, (*ach of 4-5 in. boro and 5 in. 
stroke running at 1000 r.p.m., consumed 0*52 lb. of pt'trol per I.H.P. 
hour. If the mean effective* pressure for each cylinder is 90 lb. pe*r sq. in. 
mnd the petrol used has a calorific value of 20,000 B.Th.U. pf»r lb. and 
Y specific gravity of 0*78, find (a) the indicatcnl horse power, (6) the 
^el consumption in gallons pf*r hour, (c) the indicatcxl thermal effici- 
encyy^ 

During a test on a six-cylinder marine oil engine, working on the 
iFour-stroke cycle with a compression ratio of 12*32 to 1, the following 
data was obtained : 

Mean speed, 142*3 r.p.m.; bore (average), 24*41 in.; stroke (average), 
51*18 in.; B.H.P., 3020; M.E.P. for six cylinders, 135, 142, 147, 128, 
139, 141 lb. per sq. in. respectively; fuel used, 1264 lb. per hour; 
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C.V., 19,600 B.Th.U. per lb.; cooling water, 1263 lb. per min. raised 
from 80'’ F. to 124*8® F. 

Draw up a simple heat balance sheet showing the method of disposal 
cf the heat given to the engine. 

51. Sludge gas having a calorific value of 680 B.Th.U. per cu. ft. at 
60® F. and 30 in. of mercury is used in an engine developing 20 B.H.P. 
at 460 r.p.m. The composition of the gas by weight is : methane 66%, 
carbon dioxide 29*7%, nitrogen 4% and oxygen 0*3%. Assuming a 
brake thermal efficiency of 27%, calculate 

(а) the probable fuel consumption in cu. ft. per hour, 

(б) the minimum air for complete combustion of 1 cu. ft. of gas, 

52. If benzole has a calorific value v»f 18,600 B.Th.U. per lb. and a 
(*h(*mical composition of carbon 90*62%, hydrogem 9*02%, calculate the 
minimum air required for complete combustion per lb. of benzole and 
ulhO the heat available per lb. of mixture if this minimum air fs used to 
foim an explosive mixture in a Iight>oil engine. 

53. In a Diesel locomotive with a direct wheel drive and 12 cylinders 
each of 20| in. bore and 17 in. stroke, the crank speed is 420 r.p.m. The 
{iigino is single-acting and works on the four-stroke cycle. Calculate 
the mi'aii effective pressure required if the I.H.P. developed is to be 
3500. 

If the minimum air requinKl per lb. of fuel is 14 lb., while the air 
actually used is 2 6 times the minimum, determine the amount of heat 
carried away in the excess air and in the products of combustion per lb. 
ot fuel if those are at 880*^ F. Take the air inlet temperature as 60® F. 
and the specific heats as 0 25 for the products of combustion and 0*24 
for air. 

54. If the fuel consumption of the locomotive of Question 53 is 
1400 lb. per hour, draw up a simple heat balance sheet and estimate 
the percentage of the total heat supplied which has been lost in the 
cooling of the engine, C.V. of fuel is 19,600 B.Th.U. per lb. 

55. The four cylinders of a car engine rate<l at 11*9 H.P. have a bore 
of 69*5 mm. and a stroke of 106 mm., and the engine works on the four- 
stroke cycle. The top gear ratio is 4*71 and the road wheel diameter 
26 in. When the engine is running at 3600 r.p.m. the mean effective 
pressure is 114 lb. per sq, in. and the fuel consumption 2*11 gallons per 
hour. If the calorific value of the petrol is 19,600 B.Th.U. per lb. and 
the specific gravity 0*76, determine 

(а) the indicated horse power, 

(б) the indicatcxl thermal efficiency, 

(c) the brake thermal efficiency if the B.H.P. is 42, 

(d) the road speed in miles per hour, 

(e) the mileage per gallon of fuel. 


T 
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56. Fig. 134 shows an indicator card taken from a marine oil 
working on the four-stroke dual cycle. The cylinder diameter is 22 5 in.. 


Constant Pressure 



Fig. 134. Indicator card from a cold starting, medium compression, 

oil engine. 

the piston stroke 37*5 in., and the mean spetKl 126'9 r.p.m. The mech¬ 
anical efficiency of the engine was stated to be 73-3^V- 
Obtain the followini? : 

(а) the maximum compression pressui'e, 

(б) the maximum pressure reached during combustion, 

(c) the mean effective pressure, 

{(i) the indicated and brake horse powers. 

If the spring for the indicator diai^am shown in Fig. 134 wen' 
find the maximum gauge pressure in lb. i)er sq. in. reached during 
combu-stion. t 

^67. Calculate the mean effective pressure for the nine cylinders of a 
.^gle-acting two-stroke Diesel engine developing 7,500 B.H.P. if th(' 
^ ^mechanical efficiency is 72%. The cylinders have an average bore of 
33-8 in. and a stroke of 59 in., while the engine speed is 90 r.p.m. What 
is the indicated thermal efficiency if the fuel consumption is 3340 lb. 
per hour? C.V. of fuel oil 10,600 C.H.U. per lb. 
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ELECTRIC CURRENTS AND THEIR EFFECTS 


Electrical energy avid its control—Effo ts produced by a passing electric 
current—Chemical effect—The electric circuit—Heating effect 

It has ))een shown that the energy possessed by a fuel may be con- 
\ erted into heat energy, and this heat energy to mechanical energy. 
Th(* latter may then be used to drive a generator or dynamo, which 
111 turn provides electrical energy for the multitude of purposes for 
which it can be used, both close at hand or at a distance. 

Electrical energy is generally regarded as being conveyed by a 
quantity of electricity which must be forced along a conductor 
against some form of resistance by a pressure, and this electricity will 
do work in passing or overcoming the resistance. The passage of 
thi-i electricity or current, as it is called, can be likened to the con- 
^eyance of hydraulic energy by the flow of water under pressure 
througn a pipe against the resistance due to friction and against the 
badk pressure due to hydraulic machinery. This eomi)arison of the 
l^assage of a current with the flow of winter is often referred to as the 
hydraulic analogy. 

Energy in the form of electrical energy can be easily transmitted 
from point to point, often over great distances, and this energy can 
be tapped off conveniently at any stage in its transmission and 
readily converted into heat, light, mechanical or sound energy by 
means of suitable apparatus or plant. Electrical energy possesses 
great advantages over other forms of energy in the ease with which 
it can be transmitted or transferred from place to place. 

At this stage, conductors may be regarded as being used to convey 
the electricity, or allow the current to flow; and insulators prevent 
its loss in directions other than the one desired. 
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Conductors and insulators. Almost every material will conduct 
electricity, but some offer very great resistance to its flow. Those 
malerials offering low resistance are called good conductors, as, for 
example, metals, particularly silver, copper, aluminium, steel and 
iron, in the order given. Materials such as rubber, mica, paper, 
cotton, porcelain, asbestos, enamel, resin and glass are called in¬ 
sulators, because they are very poor conductors and allow practi¬ 
cally no flow of electricity. However, resistance to the flow of 
electricity depends not only on the material, but on its temperature 
and shape. In practice, the choice of a conductor or insulator also 
depends upon first cost, resistance to corrosion, mechanical strength 
and in some cases on the ornamental character of the substa^nce. 

Effects of a passing current. When a current flows through an 
electric circuit containing various kinds of liquid and solid conduct¬ 
ing material, it is found that there is a loss of electrical energy, and 
this when converted into heat, chemical and magnetic energy shows 
itself in the production of one or more of three effects, namely, (a) 
the heating, (b) the chemical, and (c) the magnetic effect. Usually 
special apparatus is necessary to convert electrical energy to light, 
sound and mechanical energy as exemplified by lamps, buzzers and 
motors respectively. 

Frequently when passing through liquid or gaseous conductors, 
chemical actions take place. 

The chemical effect. £lectrol 3 rsis. In the passage of an electric 
current no chemical action will take place with a metal conductor, 
but if part of the circuit consists of a liquid conductor or electrolyte 
such as dilute sulphuric acid and the current flows through the 
acidulated water between two platinum wires or pieces of foil to 
serve as electrodes, a chemical action takes place as well as a rise^of 
temperature. Ultimately, in the case of water and sulphuric acid, 
hydrogen is given off at one electrode called the cathode, where the 
current leaves the electrolyte, and oxygen is given off at the anode, 
where the current enters the electrolyte. Perfectly pure water, pure 
sulphuric and hydrochloric acids are very bad conductors. Good 
liquid electrolytes are common salt solution and solutions of sodium, 
copper and^chromium sulphates knd zinc and copper cyanides. It 
should be noticed that the hydrogen and oxygen evolved by the 
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passage of the electric current through acidulated water are the 
constituents of water. When solutions of salts are used as electro¬ 
lytes, the metallic part is generally released at the cathode and the 
remainder at the anode, where it enters into coVnbination with the 
solution or breaks up still further. 

Faraday found that the mass of substance liberated from an 
electrolyte by this process, which is called electrolysis, is proportional 
to (1) the total quantity of electricity passing through the electrolyte, 
(2) to a quantity known as the chemical equivalent weight of the 
substance liberated. The chemical equivalent of an element may^ be 
defined at this stage as the weight of element which will com¬ 
bine with or displace from a compound, one part by weight of 
hydrogen. 

If copper sulphate solution be substituted for the acidulated water, 
then copper becomes dej)osited on the cathode as a thin layer. 
With silver nitrate as an electrolyte, silver is deposited on the 
cathode and this is used as a standard and accurate means for 
measuring the strength of a ciurent. 

A coulomb is the unit of quantity of electricity and is that quan¬ 
tity which will cause a deposition of 0-001118 gram of silver when it 
passes through a solution of silver nitrate. 

The practical unit of current is called the ampere, abbreviated to 
amp. or A. The international ampere is the unvarying current Which 
when passed through a solution of silver nitrate in water deposits sOver 
at the rate of 0*001118 gram per second. * 

This process, whereby metal is deposited on the cathode by the 
passage of a suitable electric current, through a carefully selected 
electrolyte, is termed electroplating, and it is used widely industri¬ 
ally, as a means of preventing corrosion, for electrotyping, and for 
the repair of worn parts as well as for decorative work. Copper 
has been successfully deposited on glass in the making of parabolic 
reflectors for projectors. For chromium plating the electrolyte 
consists mainly of chromic acid solution, with a little chromic car¬ 
bonate and sulphate added, kept at a temperature of from 40® to 
50® C., with a current of from 100 to 200 amperes passing per 
square foot of surface to be coated. The voltage of the current is 
atout 8 volts. 
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Expt. 35. Electrolysis of water. 

Objects. (1) To decompose water electrically into its two constu 
tuents, hydrogen and oxygen. 

(2) Toestimatethequantity of each gas, by volume, constituting the wafer. 

Apparatus. Arrange an inverted funnel as shown in Fig. 135 
and nearly fill it with water to which a little sulphuric acid has been 

added. Fill the test tubes similarly 
and invert them as shown over the 
platinum electrodes. Join the elec¬ 
trodes to the terminals of an accumu¬ 
lator and allow the current to flow for 
some time. It will be noticed that one 
test tube accumulates gas at twi(‘e the 
rate of the other, and this is on the 
side of the negative terminal or cath¬ 
ode. Cut off the current, place the 
thumb over the end of the cathode 
tube and invert it. Test the gas for 
hydrogen by igniting it and noticing 
the pale blue flame. Repeat the ])io- 
cess with the anode tube, but this time 
wa^er Electrolysis of a glowing splint intu the gas. 

^ The splint will ignite, thus indicating 

the existence of oxygen which stimulal<*s combustion. 

Conclusions. The passage of an electric current througli slightly 
acidulated water will cause decomposition of the water into ox\'gen and 
hydrogen, in a volume relation of two parts hydrogen to one part oxygen 

Note. —Water which is pure isa very poor coyiductor of electricity, so that 
it is necessary to acidulate the tvater to brimj about a ready flow of curry nf. 

Expt. 36. Chemical effect of a current. 

Objec’T. To study the effect of a current /Hissing between two plati¬ 
num poles immersed, but separated, in a solution of copper sulphati. 

Method of procedure. Pass two conductors through the cork of 
a large test tube and terminate each conductor with a piece of plati¬ 
num wire. Half fill the test tube with a solution of copper sulphatf' 
and immerse the platinum in the solution. .Join the other ends of thf‘ 
conductor to the terminals of an accumulator and allow' the current 
to pass for a short time. Notice (a) what happens to each of the plati¬ 
num poles, (6) distinguish the cathode by the deposit of coppi*r coated 
upon it, (c) note carefully the effect on the other pole or anode. 

Conclusions. The passage of an electric current through a 
solution of a metallic salt will cause a decomposition of this salt w ith 
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a deposit of the metal element on the cathode and a deposit of free 
gas, in this case oxygen, upon the anode. 

The weight of metal (or hydrogen) deposited on the cathode by a 
c urrent of 1 ampere in 1 second is called the electro-chemical equivalent 
of the metal (or hydrogen). 

There is always a change of energy in the passage of the current of 
electricity through solid, liquid or gaseous conductors which is dissi- 
j)ated as heat. It is found that the greater the cross-sectional area 
available for the passage of the current and the shorter the path or 
length of the conductor the less the eiiergy lost in this way. This op¬ 
position to the flow of c'urrent is called the resistance of the conductor: 
the resistances of diflerent substances must be compared without the 
c()niplic‘ation of variation in shape. What is called the specific resistance, 
or the resistance to the flow of current from one face of a unit cube to 
tlic opposite face, for different materials, has been measured and tabu¬ 
lated. Si)ecific resistance is measured in ohms per inch or per eei\ti- 
inctre cube, where the ohm is the practical unit of resistance (see p. 292). 

The international ohm is the resistance offered to a constant electric 
current by a column of mercury 106*3 cm. in length, of unvarying cross- 
section, weighing 14*4521 grams and at a temperature of 0^ C. 

In the same way as a head or pressure of water is necessary before 
w ater is made to flow along a pipe and operate hydraulic machines, 
so an electrical pressure, potential or forc^ is necessary to maintain 
a flow^ of electrical energy or a current along a conductor against a 
r(\sistance and operate electrical appliances. This force or pressure 

sometimes called electromotive force and abbreviated to e.m.f. 

Electrical pressure or e.m.f. is measured in practice by the inter¬ 
national volt, a pressure which, on being steadily applied to a conductor 
of resistance 1 ohm, will produce a current of 1 ampere. 

Sometimes the tenn, “ applied potential difference ” (p.d), is used 
in the place of e.m.f. 

Production of an e.m.f. An e.m.f. can be produced by mechanical 
means by employing a dynamo or generator of electricity in which 
mechanical energy is converted into electrical energ^^ This method 
is dealt with in more detail later, p. 336. In addition, an e.m.f. can 
be produced by chemical means. 
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The generation of electrical energy from chemical energy is accom¬ 
plished by means of the voltaic or primary cell, the invention of which 
was due to Volta. The primary cell is very suitable for the pro¬ 
duction of small electric currents for intermittent use, as in telegra¬ 
phy, telephony and bell operation. 

In its simplest form a voltaic cell consists of two dissimilar metal 
plates or rods immersed in some conducting liquid in which chemical 
action takes place, such as dilute sulphuric 
acid, shown in Fig. 136. Copper and zinc 
plates are generally used, and the direction 
of flow of the current is from the copper to 
the zinc in the external circuit. Ampfere s 
rule (see p. 308) may be used to detect this 
current, and the direction in which it is flow¬ 
ing, with the aid of a compass needle. When 
the current is flowing zinc sulphate is formed 
and bubbles of hydrogen gas accumulate on 
the copper plate, a phenomenon known as 
polarisation, and this hydrogen tends to set 
up a reverse current, which after a time so interferes with the action 
of the cell that the original current may eventually cease altogether, 
if the bubbles are not removed. Even when the external circuit is 
opened the zinc is still slowly eaten away by acid action, and this 
local action is wasteful. It can be lessened by coating the zinc with 
mercury, which forms a protective amalgam but does not interfere 
with the action of the cell. ^ 

The force which maintains the potential difference (p.d.) between 
the two plates is called the electromotive force /e.m.f.l of the cell.. 
The e.mX of the cell shown is approximately 1 \^olt. In the 
Leclanch^ cell, the voltage of which is 143 volts (Fig. 137), the 
copper plate is replaced by a carbon rod surrounded by a mixture 
of graphite and manganese dioxide contained in a porous pot. The 
manganese dioxide is rich in oxygen and combines with the hy¬ 
drogen, which would otherwi^form on the carbon rod and cause 
polarisation. Sal-ammoniac oSsolved in water serves as the liquid 
conductor. A form of Leclanch^ dry cell to render it portable is 
made, in which the sal-ammoniac is supplied in paste form, instead 



Pig. 136. A simple 
voltaic cell. 
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of as a strong solution in water. The Leclanch4 cell is only suitable 
for intermittent work, since the manganese dioxide only absorbs 


the hydrogen slowly, and 
continual use soon pro¬ 
duces polarisation. An¬ 
other common form of 
voltaic cell is the Daniell 
cell. The Weston or Cad¬ 
mium cell and the Clark 
cell are examples of stan¬ 
dard cells: the e.m.f. of 
these is specified as con¬ 
stant, the former giving 
10183 volts at 20° C. and 
the latter 1*434 volts at 



15° C. 


Fig. 137. Leclanch^ cell. 


Expt. 37. The construction of a simple cell. 

Object. To show that an ^ectric current flows between two plates^ 
respectively of copper and zinc, which are kept separate in a dilute 
solution of sulphuric acid. 

Method of procedure. Prepare two plates, one of copper and 
the other of zinc which has been previously rubbed over with a 
little mercury. Immerse these plates so that they are kept apart in 



Fio. 138. Simple cell dlH external circuit. 


a solution of sulphuric acid. Connect the plates by means of wires 
and terminals through a resistance and an ammeter (Fig. 138). The 
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ammeter will then show that a current is passing through the wire 
between the copper>»ilfl the zinc. This arrangement is the simplest 
form of what j»^&iown as a primary cell. 

Storage of electricity in the form of chemical potential energy. 
With a voltaic or (primary cell, as just described, a chemical 
i:eactiap or of reactions is made use of in the production of an 
eftctrid ^rrent, and restoration of the battery can be accomplished 
b^remlewal of the electrolyte and electrodes. In the case of the 
B^ndary or storage cell, or accumulator, the change of chemical to 
electrical energy is reversible, and by applying an electric current 
to such a cell the chemical actions which take place in the genera¬ 
tion of a current are reversed, and the chemical substances restored 
to their original condition. 

The two principal types of accumulator are the lead-acid and the 
nickel-iron-alkali cell. With the former the chemical processes in¬ 
volved are concerned with the changes which metallic lead and its 
compounds undergo in dilute sulphuric acid by the action of an 
electric current. The small spaces in the grids forming the positive 
and negative plates of the cell are filled with litharge or red lead 
or a mixture of the two made into a stiff paste with sulphuric acid 
and water. As a rule the negative grid is lighter than the positive, 
as it is less subject to corrosion, and both are made of lead with 7^o 
of antimony. Before use, the plates have to be “ formed*’ by the 
passage of an electric current while they are immersed in dilute sul¬ 
phuric acid, to reduce the paste on the negative plate to metallic 
lead and to oxidise that on the positive to lead peroxide. In this 
condition the battery is said to be charged. During discharge, both 
the peroxide on the positive and the lead on the negative become 
converted into lead sulphate, with water added to, and sulphuric 
acid removed from, the electrol 3 d«. When again charged the 
chemical action is reversed, and the cell is fully charged when the 
plates regain their original state. If a current continues to be 
♦passed, gassing will occur, free hydrogen appearing at the cathode 
or negative plate and oxygen at the positive. The fully charged 
state is also determined by the density of the electrolyte, which varies 
from 1*2 to 1*3 according as the discharge rate is to be low or high. 
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An accumulator is charged by sending a current from the positive 
to the negative plate through the electrol 3 rte. During discharge the 
flow is always regarded as being from the positive to the negative 
plate through the external circuit. 

The electric circuit. Current will dnly flow if there is a complete 
ring or loop of conductors leading from one terminal of the generator 
to the other. This external loop or ring of conductors is called the 
external circuit, and a part of the e.m.f. produced by the chemical 
energy of the cell is utihsed in causing a flow of electricity in the 
external circuit and a part in forcing the current through the 
electrolyte of the cell itself. 

A study of the laws appertaining to the various forms of simple 
electric circuits will now be commenced. 

Power in a circuit and unit of power. If in a circuit a pressure of 
1 volt is causing a flow of current at the rate of 1 ampere (or 1 cou¬ 
lomb per second), then this rate of flow of electrical energy or power 
is (‘ailed 1 watt. 

/. Work done per second = power expended in watts 

= current in amperes x pressure in volts. 

The watt is too small a unit of power for many purposes, so that a 
unit called the kilowatt which equals 1000 watts and written kW 
(see p. 51) is more usually employed. 

746 watts are equivalent to 1 horse power. 

The standard unit of electrical energy, called the Board bf Trade 
unit (B.T.U.). is a supply of 1 kilowatt maintained for 1 hour. This 
supply is called the kilowatt-hour (kWh). It is equivalent to 1*340 
horse power hours, or alternatively 0*746 kilowatt hour is equivalent 
to 1 horse power hour. The student should distinguish carefully 
between B.T.U. and B.Th.U., or British Thermal Unit. 

With electrical units the prefixes, iiieg(a) =a million times, micr(o) =a 
millionth, kilo = a thousand, and milli=a thousandth are frequently 
used. 

Examples. Megohm = 1 million oluns — 10 * ohms. 

Microvolt = 1 millionth of a volt = 10~* volt. 

Milliampere = 10~* ampere. 

Kilowatt s= 1000 watts. 
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Example 1. Calculate the number of horse power hours and ft, lb, 
which are equivalent to 1 kilowatt hour, that is, 1 B,T,U, 

1 kWh = 1 kilowatt hour = 1 B.T.U. 

= 1*3403 horse power hours. 

= 1*3403 X 33,000 X 60 

=2,653,800 ft. lb. 

Example 2. Find the necessary current to be s^tpplied to a motor of 
20 H,P, when the supply is at 400 volts, 

20 H.P. =20 X 746 = 14,920 watts. 

Watts = volts X amperes. 

14,920=400 I, 

/ =37*3 amperes. 

Note. —A dynamo receives mechanical energy and converts it to 
electrical energy, whereas a motor rec‘eives electrical energy and converts 
it to mechanical energy. Thus the dynamo gives out electrical energy 
and the motor mechanical energy. 


Ohm’s law. This law states that the continuous current I flow¬ 
ing in a closed circuit is proportional to the applied potential differ- 
E 

ence E, such that ^ is a constant. This constant is called the 


resistance JR of the circuit, and expressed algebraically the law is 
E 

R = -j , If, as is usually the case, the temperature rises, causing an 


increase of resistance, then E must be increased to maintain I at 
the same value. Ohm’s law is not strictly true during transient 
periods, such as sudden stoppage or starting of currents, a condition 
not considered here but it is true for instantaneous values. 

The relations between /, E and R can also l>e expressed alge- 

E 

braically as = /. i? or / = ^. In the latter case I varies directly 


as the pressure E and inversely as the resistance of the circuit. 
Both these forms are extremely useful in application, as when two 
of the quantities are known, the third can always be found. When 
a known current is passing through a circuit of known resistance a 
definite pressure or electro-motive force (e.m.f.) is required, and this 
e.m.f. is also known as the difference of potential or voltage drop. 
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r.*Mnpl^ 1. Find the resistance of and the current passing through an 
electric lamp on a 240 voU supply consummg 100 umtis and giving out 
90 ^ndle power, 

P = watts = volts X amperes =EI, 


By Ohm’s law, 




Note. —If the resistance of the lamp exceeds 576 ohms, then the 
lamp will not take 0*42 ampere, that is assuming the pressure remains 
constant, and therefore the lamp will not give out the required candle 
power. On the other hand, if the resistance is less than 576 ohms, the 
lamp will take more than 0-42 ampere, and the filament of the lamp 
will not last as long. 


Example **2. A smaU water boiler consumes 2400 umtts on a 240 volt 
supply. What current is necessary ? Also what must be the electrical 
resistance of the heating elements of the boiler ? 

. watts 2400 

By Ohm’s law, R=j = =24 ohms. 


Resistance in generators and ceUs. Generators and cells them¬ 
selves set up an internal resistance to the flow of an electric current 
when they form part of an electric circuit, and this internal resist¬ 
ance has an important effect on the efficiency of electric circuits 
generally. In the case of the voltaic cell the resistance of the liquid, 
plates and connections forms the internal resistance. With series 
and shunt dynamos the internal resistiince includes that of the 
armature and field coils. The resistance of the circuit external to 
the terminals of the generator is called the external resistance. Gene¬ 
rators, conductors, machines, etc., can be grouped in many different 
ways, and it is important to be able to determine how this grouping 
affects the resistance to the flow of electricity. 

Ck>ntrol of the curreot in electric circuits. Conductors may l:>e 
arranged in (1) series, (2) parallel or (3) a combination of series and 
parallel, and in so doing the current flo^^ing in any one branch or part 
can be controlled by varying the resistance. 

Ohm’s law holds not only for any portion of a continuous current 
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circuit, but for the whole circui t. The e.m.f. available is used in 
forcing the current around the circuit, and should a portion of the 
circuit be absolutely uniform the drop of electrical pressure along 
it will be uniform ; or the potential difference between the ends of 
equal lengths will be the same. 

Specific resistance. If a conductor of unit cross-sectional area 
and unit length be taken, the resistance in ohms set up to the flow 
of electricity is called the specific resistance or resistivit y of the 
material of the conductor, and is usually denoted by the Greek 
letter p. Sometimes the resistivity of a material is defined as the 
resistance between two opposite faces of unit cube of the material. 
Since the resistance alters with the temperature, the latter must 
always be specified. The units of length usually adopted are the 
inch and the centimetre. 

A conductor of 8 units of length will have a potential difference 
8 times greater between its ends, and set up 8 times the resistance 
as compared with one of unit length. If the cross-section is halved 
the current density must be twice as great, and the resistance is 
doubled. Therefore to find the resistance of a conductor, p is 

multiplied by the length I and divided by the area a, or . 


Material. Metals 
pun' and annealed 

Specific resistance at 0° C. 

Mean temp, coefficient 
between 0 and 100'’ C. 
or 32 and 212" F. 

Microhms 
per cm. cube 

Microhms 
per in. cube 

per 1" C. 

per r F. 

Silvt'i- 

1-468 ! 

0-5781 

0-004 

0-0022 

Aluminium 

2*665 

1-049 

0-00435 

0-00242 

Copper 

1-561 

0-6146 

0-00428 

0-00238 

Nick(*l 

6-935 

2^730 

0-0062 

0-00344 

Mi'rciiry 

94-07 

37-03 

0-001 

0-000556 ^ 

Iron - 

9-065 

3-669 

0-00625 

0-00347 

Arc lalnp carbon 

7000-0 

2766 

0-0006 

0-00028 
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In the above table the specific resistance and also the mean 
temperature coefficients are given for a few materials. The mean 
temperature coefficient a will allow for the specific resistance being 
calculated for temperatures t between 0 and 100° C., since 
= approximately. 

and Rq are the resistances at f C. and 0° C. respectively. 


Example 1. Determine the resistance of an inch cube of copper at 
50° a. a =0 00428. 

JR.-p~, where ohm, 1=2 54 cm., a = 2-54* 

a 10® 

1-561 2-64 0-6146 , u 

X — 7 :: = — . ohm or 0^6146 microhm. 


10« 2-54* 


10 « 


R^=Ro(l +a0 =0-6146(1 +0-00428 ^ 50) =0-746 microhm. 

Example 2. A steel cored aluminium cable consists of 19 galvanised 
steel wires of J m. dia. surrounded by IS aluminium wires of the same 
size. The steel core is provided to give strength for overhead work, and is 
ignored in calcidations for resistance and conductivity. What ^s the 
resistance of the aluminium per 1000 ft. at 0° C. ? 

! p = 2-665 microhms per cm. cube, 

I = 12,000 X 2*54 cm. =30,480 cm., 

/ 1 \* 

a = 18x^x(gy X 2-54* = 1 -425 sq. cm. 

2-665 X 30,480 
1-425 xl0« 


=0-0570 ohm. 


Resistance in series. A generator or cell driving a current 
through an external circuit of resistance R^ and overcoming its 
internal resistance R^ provides an example of resistances in series, 
since the same current I is flowing in the two parts. If E is the 
e.m.f. causing the current to flow, the voltage drop internally and 
externally will be IR^ and IR^ respectively. Therefore 

E^IR^^IR,. 

If R is the total resistance of the circuit, and since Ohm s law is true 
for the whole circuit and the part, then 

E = IR = IR^ + IR^ or R = R^-hR^. 
or total resistance=sum of separate series resistances. 
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In the above, is the e.m.f. required to drive a current through 
the cell. The potential difference (p.d.) across the terminals of the 
cell available for forcing a current through an external circuit is 
thus IR^ or p.d. = ~ IR^ = IR^, When no current is flowing then 

e.m.f. =p.d , and the cell is said to be on open circuit. 


Example 1. p Three electric lamps of resistances 1000, 1000 and 400 
ohij^s respectively are connected in series and the current flowing is 0*2 
pere. What is tfie pd. across each lamp and across the three ? 

p.d. across 1000 ohm lamps =E =IR = 1000 x 0*2 =^200 volts. 

„ „ 400 „ „ =400 X 0*2—80 volts. 

Total p.d. = 200 + 200 + 80 = (2400 x 0 2) =480 volts. 


Example 2. A cell has an e.m./. o/ 1*8 volts and an internal resistance 
of 0-15 ohm. Determine the p.d. across the term'ineils and the current 
when connected to an external circuit of (a) 2 ohms and (h) 2000 ohms. 

(a) Total resistance =0 15+2=2 15 ohms. 

Current = J = 0-837 amp. 


Terminal p.d, =ii?, =£7 -/i?. =0 837 x 2 =1-674 volt 
(6) Total resistance = 2 + 2000 =2002 ohms. 


Current = J = 
It 


1-8 

2002 


= 0-0008993 amp. or 0*8993 milliamp. 

Terminal p.d. —IR^ =0 0008993 x 2000 =1-7986 volt. 

It should be noticed that the greater the resistance of the external 
circuit the more nearly do the p.d. and e.m.f. have the same value. 


Example 3. A certain uniform wire 105 cm. in length and having a 
resistance o/ 1-2 ohms is connected in series with an adjustable resistance 
and a single storage cell. If the internal resistance of the cell is 0-085 ohm 
and its e.m.f. is 2 volts, what must he the value of the adjustable resistance 
so that the potential drop along the wire may he 0-01 voU per cm. ? 

(U.L.C.I.) 

Let X ohms be the magnitude of the adjustable resistance and I the 
cunent in the circuit. 

Total resistance = 1 -2 + 0*085 + a: = 1 -285 + x ohms. 

E 2 

Applying Ohm’s law to the whole circuit, I = —.(1) 

Jtc 1-Joo+a? 




EESISTANCES IN PARALLEL 

Potential difEerence between ends of wire = 105 x 0*01 

Applying Ohm’s law to the wire portion of the circuit, 

J5:_L05 

1 - 2 * 

Equating (1) and (2), 

Cross multiply, 1 -349 +1 •05x = 2-4, 

x=l ohm. 

Resistance in parallel. When a current divides temporarily to» 
pass along several conductors at 
the same time, the conductors 
are said to be in parallel. 

Ijct E and B be the p.d. and 
total resistance between A and 

Fig. 139. Resistances in parallel. 

E E 

Then / = + 4*2 + by Ohm s law /=—, etc., 

JX 

E E E E 

~s ~—'—*— ’ 

E r* r* 

then, dividing each fraction by E^ ~ = i + ~ + ~. 

7*2 rj 

That is, 

the reciprocal of the total resistance is equal to the sum of the* 
reciprocals of the separate resistances. 

This law is tnie for any number of resistances in parallel. The 
reciprocal of the resistance of a conductor is termed the conductivity. 

In a continuous current public supply circuit, in order to reduce 
the total resistance to a minimum, the various heaters, lamps and 
motors supplied with power are connected in parallel across the 
outgoing lead and the return lead to the dynamo. By measuring 
the p.d. across the terminals of the dynamo and the total current 
in the external circuit the product of the readings will give the 
power in watts supplied to the external circuit, 
u 
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= 105 vo^ts. 


.( 2 > 


B.B.E.S. n 
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fizample 1. Four lamps^ each of resistance 500 dhmSy and an electric 
heater of resistanjce 3000 ohms are connected in parallel across the terminals 
of a dynamo. What is the equivalent resistance ? 


1-J_x4 1 _ 25 

iJ"500^ '''3()00“3000 


or 


^ 3000 


= 120 ohms. 


Example 2. Four Daniell cells are connected in parallel, that is, all 
their positive terminals connected and all their negative terminals connected 
to make one positive and one negative tenninal, to an external resistance of 
1 ohm. If the e,m,f, and internal resistance of each cell are respectively 
1*15 volt and 0-9 ohm, find the current flowing in the external circuit. 

Total e.m.f. = 115 volt. Total resistance of bSitery =i?,. 


Then 


_1-JL JL _L 

i?, “ 0-9 0^ 0-9'''0-9 “ 0-9' 


.*. =0-225 ohm. 


The current in the four cells = current in external circuit 


E M5 
1-225 


=0-939 amp. 


Example 3. If the four cells of Example 2 are connected in series, that 
is, the positive terminal of one cell connected to the negative of the next, 
with the same external resistance, find the current in the whole circuit. 

Total e.m.f. =1-15 x4=4-6 volt. 

= 4 X 0-9 = 3-6 ohm. E^ — \ ohm. 

Then /=^_=^6=lamp. 

Note .—The connection of cells in series provides a higher e,m.f 
while the connection in parallel lowers the total resistance and tends to 
increase the current. 


Example 4. Three Daniell cells connected in parallel are joined in 
series with a bichromate cell of e,m,f, 2 volts and internal resistanci 
*0-25 ohm. What is the combined e,m,f. and resistance of the battery ^ 
Use data from Example 2, 

Total e.m.f. = M5 + 2 =3-15 volts. 


1 



i?i=0-25 + 


=0-25 + 0*3 =0-55 ohm. 
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A shunt. It is common practice in the use of electrical instru> 
ments to connect to the instrument a resistance in parallel which 
is known as a shunt. This resistance serves to divide the current 
with the result that a certain fraction of the current passes through 
the instrument and the remainder through the resistance or shunt. 


Example. ^4 strong current is to he measured by passing 
of the current through a galvanometer and the remainder through a shunt or 
lisistance in parallel. If the resistance of the galvanometer is 80 ohms^ 
find that of the shunt. 

If total c*urrent is 1000^, 999f will j>ass through the shimt. Let 
E p.(i. across galvanometer and shimr. 

E E 

Apjilymg Ohm’s law to each part, - = ?, 999i = — > where x =resistance 
offahiuit. * 

Total current = lOOOi -f 999?. 


1000 X 


E 

80 


E E 

80 ^ X ’ 


or x-^irohm. 

Note. —If a shunt is to be provided so that -ih of the whole current 
imses through the instrument, then 


resistance of shunt — -x resistance of instrument, 

n-I 


Heating effect of a current. About 1841 James Joule showed 
that the heat H generated in a wire is proportional to {a) the square 
of the current I passing through it, (b) to the resistance R of the wire, 
and (c) the time t during which the current is maintained. 

This can be expressed as H varies as PRt or H = kPRf, where i is a 
constant equal to 0-2.388, if H is expressed in gram calories, and I, R 
and i are respectively in amperes, ohms and seconds. The quantity^ 
PRt will then be in watt-seconds and a watt-second is called a joule. 
Tt is found that 1 joule of energy is equivalent to 0-2388 gram calorie. 
Expressed in another way— 

1 watt = 1 joule per sec. 

and 4-187 joules are equivalent to 1 gram calorie. 

Conversion from gram calories to B.Th.U. may be effected by 
using the relation 1 B.Th.U. =251*996 gram calories. 
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This production of heat during the passage of a current is always 
present to a greater or lesser extent. It is very undesirable in ma¬ 
chines, and is avoided, as far as possible, in the case of the windings 
of generators or motors. In other cases, as with electric fires, 
cookers, lamps, etc., the production of heat is deliberate, and the 
heating coils have to possess sufficient resistance to give the heat 
energy desired without burning. The heating effect of a current can 
be used in its measurement, and also in the protection of the appar¬ 
atus in electric circuits when fuses are inserted. A fuse will safely 
carry the normal current, but should the resistance of the circuit 
decrease through some fault such as short circuit, and the current 
increase in value to a dangerous degree, the strong current passing 
through the fine fuse wire will quickly melt the wire and break the 
circuit. 


Example 1. Find the heat generated in B.Th.U, when a current of 
4 amperes flows through a resistance of 100 ohms for 10 minutes, Jf 75 
of this heat is used to raise some water through 150° F,, find the weight of 
the water. 


„ , , , 0-2388/*J?« 0 2388 x4^x100x600 

Heat generated =-252- 


"909*9 B.Th.U. 

Then, wt. of water x rise in temp, x specific heat =909*9 > 

WxlbO xl =682*4 B.Th.U. 

682*4 


W. 


150 


=4*55 lb. 


Example 2. Find how long it would take an electric fire taking 8*7 
amperes a/ 230 volts to raise the temperature of 2000 cu, ft, of air in a room 
from 32° F, to 62° t/ 50% of the heat supplied is absorbed by the walls, 
furniture, etc. Take the specific heat of air as 0*238 and the weight of the 
air as 80 Ih, per 1000 cu, ft. 

Heat required = 160 x 0*238 x (62 ~ 32) x Yo® ^2284-8 B.Th.U. 

„ ^ 3 0*2388 x/2i? 0*2388 x8*7 x230 

Heat supplied per sec. =- — -=- ^ - 

= 1-896 B.Th.U. 
since I^R -EJ by Ohm’s law, 

2284*8 

/. time taken - 7 -^ 2 ;— 77 : = 19*96, say, 20 minutes. 

1*o9d x dU 
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Exft. 38. 

Object. To determine the mechanical equivalent of heat by electrical 
means and to verify Joule*s law for the heating effect of a current. 
Apparatus. A heating unit consisting of a coil of fine wire, a 
lagged calorimeter, thermometer, stirrer, ammeter and voltmeter. 
(Fig. 140). The heating unit (Fig. 140 (a)) is a coil of fine wire 



wound on to a porcelain frame and then fitted into a metal tube. 
The terminals on the ebonite lid are then connected to a voltmeter 
and ammeter in the circuit taken from the bench points in the 
laboratory. 

Method of procedure. Weigh the empty calorimeter and 
determine its water equivalent. Three quarter fill the calorimeter 
with cold water and find the weight of water by weighing the calori¬ 
meter and the water. Insert the unit, and note the initial tempera¬ 
ture of the water. Allow the current to flow for a carefully timed 
period, keeping the water gently stirred and the current and voltage 
readings constant. When the temperature of the water is rais^ 
about 20° C., note the final temperature, time of flow, voltmeter and 
ammeter readings. 

Observations. 

Weight of calorimeter empty =65-0 gm. 

Weight of calorimeter + water «132*5 gm. 
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Weight of water =67-5 gm. 

Water equivalent of calorimeter = 65 x 0-095 = 6*176 gm. 

Initial temperature of water = 18° C 

Final temperature of water = 40° C. 

Rise of temperature = 22° C, 

Time of heating =25 see. 

Voltmeter reading =110 volts 

Ammeter reading =2| amp. 

Derived results, (a) Heat given to the water and calorimeter 
= (67-5+6-175) 22=73-675 X 22 = 1620-85 calorics. 

(b) Watts supplied = 110 x2| =275 watts for a period of 25 sec. 
Since 1 lb. is equivalent to 453-6 gm. 

(a) = 1620-85 calories = C.H.U. =3-573 C.H.U. 

453-b 

Let the mechanical equivalent of heat = J/. 

Then, 3-573 C.H.U. = 3-573if ft. lb. 

3-5733/ 

For one second this is —^— or 0-143ilf ; but in (6) 275 watts 

275 u- ^ j au- - 275 5«)0 - 
= 746 746 ^ ~Y~ 


hence 


1 H.P. =550 ft. lb. per sec., 

275 550 

0-143Jf-j^x-r, 


and M = 1418 ft. lb. per C.H.U. 

Conclusion, (a) The correct result is 1400 ft. lb. per C.H.U. 
and the loss may be traced to a greater time required to heat the* 
water due to losses in the calorimeter. It should be noticed that 
if the whole of the electrical energy sup])lied could be used to heal 
the water, the time of heating would be lessened, with a consequent 
fall in the value of M, 

Verification of Joule s Law. Ohm's Law states that the 
voltage on a closed circuit is qual to the product of the current and 
the resistance, thus 

Resistance = = 44 ohms, 

amp. 21 

Heat generated = 1620-85 calories 

= 64*83 calories per sec. 
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(1) Repeat the experiment for double the period of time and verify 
that the same amount of heat is given per sec. 

(2) Arrange for the coil to be supplied with half the current and' 
notice that the heating effect is reduced to J, thus the heating effect 
is proportional to the square of the current. 

Since voltage and current are connected by Ohm’s Law, for a 
given current the heating effect is proportional to the voltage and 
also^>h^efore, to the resistance. 

Short circuits. When a breakdown in the insulation occurs, some 
of the electricity escapes from its intended path and travels either 
to the earth or to another poflion of the circuit. In other words, the 
electricity takes the line of least resistance, i.e. a short cut or short 
(*ir(‘uit, back to its starting point. Where a large amount of energy 
i^ involved, considerable damage can be done to equipment and even 
buildings when a breakdown in insulation occurs and a short circuit 
f(jllows. Even with moderate voltages, burning and electrocution 
may follow if a person allows his body to act as a conductor to earth 
or to another part of the circuit and so produce a short circuit. It 
is im])ortant therefore to employ devices to control and interrupt 
short circuits. Exposed metal parts which may become live, or 
carry electricity if a fault occurs, should always be earthed, i,e. pro¬ 
vided with a good continuous metallic connection to earth. 

One type of protective device has already been mentioned, namely, 
t lie fuse, in which, w^hen the current exceeds a pre-determined amount 
a metal w ire or strip is melted and so breaks the circuit to be pro¬ 
tected. To prevent an electrical arc, which occurs w^hen the air 
between the broken ends of the circuit, when the fuse wire melts, 
does not set up sudicient resistance and the electricity jumps the 
gap, the space around the fuse wire is filled with a fire-extinguishing 
and non-conducting liquid. 

Another protective device used in the case of large powers Ls the 
circuit breaker, which is really a very large switch that opens auto¬ 
matically whenever the current exceeds the pre-determined amount. 
By submerging the contact points in oil the electric arc formed w hen 
the circuit breaker opemtes is smothered. On high-voltage systems 
a complete change of oil is necessary after each operation of the 
breaker. \ 
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EXERCISES ON CHAPTER VI 
Units and Ohm’s Law. 

1. How many kilowatt hours are equivalent to one H.P. hour ? 

2. A current of 3 amperes is used in the charging of accumulator 
during 15 hoiuis. How many coulombs of electricity have been supplied? 

3. 100 lamps, each taking 0-2 amperes, run on a 230 volt circuit. 
Calculate the cost of running per week of 42 hours at Id. per B.T.U. 

4. A motor of 10 B.H.P. runs on full load for a period of 20 hours. 
If the efficiency is 80%, find the cost at Id. per B.T.U. 

5. The voltmeter reading across the terminals of a d 5 uiamo is 230 
volts, and the ammeter indicates that a current of 120 amperes is being 
supplied. What is the output of the dynamo in kilowatts ? 

6. Find tlie resistance of a wire which passes 1*5 amperes under a 
voltage of 230. 

7. A lamp has a resistance of 400 ohms. Find the current taken at 
110 volts. 

8. What resistance must be put into a circuit in order that a current 
of 15 amperes may be passed with a 400 volt supply ? 

9. State Ohm’s Law. Define the international imits of resistance, 
pressure and current. 

Heating effect and power. 

10. A coil of 40 ohms resistance is connected across a 230 volt main. 
Find the power consumed. 

11. A coil immersion heater of 7500 watts is used to heat 10 gallons 
of water. Find the rise of temperature produced in 20 min. use. 

12. If a lamp taking 0*25 amperes at 230 volts is immersed in a 
calorimeter of water, find the rise of temperature produced per min. if 
the water weighs 500 grams and the calorimeter 44 grams. Specific 
heat of the material of the calorimeter = 0-1. 

13. A conductor generatas the heat equivalent of 250,000 joules in a 
quarter of an hour when a current of 12*5 amperes flows through it. 
What is the resistance of the conductor ? 

14. Find the cost of preparing a bath of 25 gallons of water at ^d. 
per unit if the necessary temperature rise is 90® F. Efficiency of heater, 
80%. 


Electrolysis. 

15. Explain briefly the terms electrolytCf electrodes^ cathode and anode. 

16. State Faraday’s laws of electrolysis and describe any industrial 
process with which you are acquainted which makes use of the 
chemical effect of a current. 
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17* How is the chemical effect of a current utilised in its measure¬ 
ment? 

18. Explain the term electrolysis. Describe briefly the method used 
commercially to deposit a layer of metal upon a body. 

19. If in a copper voltameter 4*5 grams of copper are deposited on the 
cathode by electrolysis in 2 hours, what current is passing through the 
voltameter ? Electro-chemical equivalent of copper =0-0003294 gram 
per second = deposition by a current of 1 ampere in 1 second. 

Cells. 

20. What are the necessary constituents for a simple cell ? Explain 
the action of the cell and draw a simple diagram to show the passage 
of the electric current generated in the cell. 

21. Describe a secondary cell or accumulator. Explain the electro¬ 
chemical action in discharging such a cell, and then show the process 
of charging. Why is an alternating current unsuitable for charging 
accumulators ? 

22. What is the difference between the e.m.f. of a cell and the 
potential difference across the terminals (a) when on open circuit, 
(6) when connected to an external circuit ? 

23. To what defects is the simple cell subject, and what methods 
are adopted to lessen their effect ? 

24. Describe a Leclanch^ cell briefly, indicating how polarisation is 
prevented. 

25. State how you would show whether an accumulator is fully 
charged or not. 

Besistanoe, Ohm’s law. 

26. Distinguish between conductors and insulators. JTame tliree 
examples of each. What is the best conductor of electricity? 

27. Three resistances of 100, 200 and 140 ohms are connected in 
series. Find the total resistance and the current passed when the 
voltage is 230. 

28. If the three resistances in No. 27 are connected in parallel, what 
w ill be the total resistance and current passed ? 

29. Two resistances, of respectively 20 and 15 ohms, are connected 
in parallel. The junctions are then connected in series to a resistance 
of 10 ohms. Find the total resistance. 

30. Two lamps take 0-25 amperes each when connected in parallel 
across a 230 volt supply. Find their total resistance, and the resistance 
of each. 

31. Three lamps of respectively 400, 600 and 600 ohms resistance are 
connected in parallel across a 110 volt supply. Find the total current 
taken, and the total resistance. 
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Heating effect and specific resistance and safety precautions. 

32. Find the resistance of 100 feet of copper wire 0 024 in. in diameter, 
Specitic resistance of copper = 0-000000668 ohm per inch cube. 

33. The specific resistance af Eureka metal is 0-0000194 ohm per inch 
cube. A coil is to be wound with 500 turns of this wire of 0-064 in. 
diameter. If the average circumference of the coil is 15*2 in., find its 
resistance. 

34. A unit is to have a resistance of 20 ohms. Find the length of 
copper wire 0-024 in. in diameter required to wind the unit, (p =0-668 
microhm per in. cube.) 

35. Two coils of copper wire, (a) of 0-064 in. diameter wire, (6) of 
0-024 in. diameter wire, are to have the same resistance. Calculate the 
ratio between their lengths. 

36. The resistance of the heating unit in a kettle is 75 ohms. Find 
the quantity of water which can be boiled in 30 minutas on a 230 volt 
siipply if the efficiency of the heater is 88and the initial temperature 
of the water 15^" C. 

37. How does the resistance of a conductor vary with (a) its length, 
(6) its diameter ? 

Find the diameter of 100 feet of copper wire w^hich shall liave the 
same resistance as 20 feet of copper wire 0-09 in. diameter. 

38. A copper wire 0*064 diameter is wound to 500 turns on a bobbin 
of mean diameter 21 in. If this is connected in parallel to a similar 
bobbin of iron wire of 200 turns £ind diameter of wire 0-05 in., find the 
individual and total re-iistances. (p for copper is 0-000000668, iron 
0-000003795 olim per cu. in.) 

39. Find the resistance of a heating unit, on 230 volt supply, which 
will boil water from 60'^ F. at the rate of 4 gallons per hour. Take the 
efficiency of the heater as 90 

40. Find the cost of working at 8 hours per day, 6 days per week for 
1 year of 20 metal lamps, each having a resistance of 900 ohms and 
working on a 230 volt supply at 2d. per unit. 

41. (rt) Why is it necessary to connect the metal wamework of electric 
fires to an eartli coimoction? 

(6) Why are rmHhcr provicted^ as stajiifi^ mats for men 

opt‘rating .swtbch ^ 

42. Explafil:^ith a sketclTthe principle of 

(a) \an electric kettle, 

(b) (OT'eJ^tric soldering iron. 

43. (a) Why is it possible,\nder favourable conditions, for a cat to 
walk along a live rail without A^rocution taking place? 

(b) Wh^ precautions would be necessary in order that*a man may 
handle conductirafrom an elevated platform? 



EXERCISES 


305 


44. (a) Why is it considered undesirable to join the starter of a machine 
to the conduit by means of a piece of flexible metal tubing without an 
independent connection between the starter and the conduit? 

(6) In an electrical installation’what would you suggest as the best 
possible earth and why? 

45. (a) Why is it that damage is seldom done to an iron ship if it is 
struck by lightning at sea? 

(6) Account for the regulation that all bathroom switches and fittings, 
also those fitted in rooms with stone floors shall have no exposed metal 
parts. 

46. How would you preserve an electrically operated wireless set from 
an overload of electric current ? Which of the three effects of a current 
is this safety device dependent upon? 


CHAPTER VII 

MAGNETISM—MAGNETIC EFFECT OF A CURRENT— 
ELECTROIVL4GNETISM 

The magnetic effect of a current. When a current of electricity 
passes along a wire it is capable of influencing the surrounding 
medium magnetically, even if only to a small extent, and the effect 
is greatest near the wire. A magnetic field is said to be set up where 
magnetic phenomena can be detected by means of the repulsion of 
a compass needle, or by the definite arrangement of iron filings 
supported on a horizontal sheet of paper. Magnets are usually iron or 
steel bodies which have the permanent or temporary power of attnict- 
ing and repelling certain other bodies. The most common are the 
bar and horseshoe types (Fig. 166). When magnets are dipped into 
iron filings, the power of attraction seems to be confined usually to 
two definite regions, the central points of which are called the poles, 
and which are usually situated near the ends of the magnets. 

Magnetic fields exist in the vicinity of all magnets, and the earth 
itself acts as a magnet. Hence any magnetic field is really the 
resultant field due to the earth and to any other magnets present, 
although in the vicinity of a strong artificial magnet the effect of the 
earth’s magnetism may not be apparent. The pole of a magnet 
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which, if free to do so, would point towards the 'north is called a 
north-seeking pole and marked N (or coloured red), while the other 
pole which tends tp point towards the south is called the south¬ 
seeking pole and marked S (or 
coloured blue). Like poles, such 
as two N. poles, repel one another, 
whereas two unlike poles attract 
one another. If left to its own 
devices in the earth's magnetic 
field the N.-seeking pole of a com¬ 
pass needle will point towards the 
magnetic N. pole of the earth, 
and the line joining the N. and S. 
poles indicates the magnetic meri¬ 
dian, as it is called, at that place. If a number of needles are 
placed near a bar magnet, the needles adjust themselves as shomi 
in Fig. 141. The directions in which the compass needles point are 
determined by the relative attraction and repulsion between the 
poles of the compass needles and those of the magnet and the earth. 

A magnetic pole is acted upon by a force in a magnetic field, and 
the line along which the compass needle points is termed the 
line of force passing through that point where the compass needle 
is placed, and the direction is that pointed out by its N. pole. 
In the diagram shown, if a fair curve is drawn from the N. to the 
S, pole of the magnet with the aid of the directions indicated con¬ 
tinuously by the compass needles, a line of force is obtained. All 
lines of force may be regarded as closed curves, the loop actually being 
completed by a line in the magnet itself from the S. to the N. pole. 
Actually, however, the lines of force exist only outside the magnet, 
the lines inside the iron are called lines of induction. In the same 
w ay other lines of force could be obtained for the resultant magnetic 
field of this magnet and the earth. 

Generally an indication of the nature of a magnetic field can be 
more readily determined by the use of iron fil^gs, as showm in 
Fig. 142, where a horseshoe magnet is placed underneath a 
sheet of paper sprinkled wdth iron filings. A slight tapping of the 
paper will cause the filings to adjust themselves lengthwise to 



Fig. 141. Directions taken by a 
compass needle near a magnet. 
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indicate the direction of the lines of force. Fig. 143 shows the lines 
of force in a resultant field due to the earth and to a single north¬ 
seeking pole. The point marked with a cross where the resultant 



Fig. 142. Map of a magnetic Fig. 143. Resultant field due 

field in a plane of a horsehoe to the earth and a single north- 

magnet. seeking pole. 


field is zero, that is, where the force on unit pole would be zero, is 
called a neutral point. Fig. 144 shows the magnetic field when a bar 
magnet is placed vertically, and a sheet of paper sprinkled with iron 



Fio. 144. Map of a magnetic Fio. 145. Map of the mag* 

field perpendicular to the axis and netic field perpendicular to a 

near the pole of a bar magnet. wire conveying current. 

filings is placed in the plane of one end of the magnet. The lines 
of force are radial, and the result should be compared with the 
magnetic field created by a current passing along a straight con¬ 
ductor, as shown in Fig. 145, where the lines of force are concentric 
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about the axis or centre of the wire. It can be shown by experiment 
that the •positive direction of the lines of force appears to be clockwise 
to an observer looking along a wire, which is conveying a currerU away 
from him. 

Pole strength and intensity or strength of a magnetic field. A 

pole has unit strength if it exerts a force of 1 dyne on an exactly 
similar pole placed 1 cm. away in air. The dyne is the absolute unit 
of force in the centimetre-gram-second or C.G.S. system of units; 
1 gram wt. =981 dynes and 1 lb. wt. =445,000 dynes in London. 

Should the pole strength of two poles be m and and their dis¬ 
tance apart d cm., then the force of attraction, if unlike poles, and of 

repulsion if like poles, is equal to dynes, in accordance with the 


law of inverse squares (p. 317). Any other combination of forces due 
to the interaction of attractive and repulsive forces between the poles 
of magnets may be treated according to the laws of mechanics. The 
force in dynes acting on a unit 2 >ole, when placed at 'a point is a 
measure of the intensity or strength of the magnetic field at that point. 
Ibiit magnetic field is that in which a unit pole is acted on by a 
force of 1 dyne. This unit is called a gauss, so that in a field of 
3 gauss, a unit pole would be acted on by a force of 3 dynes. 

Ampere’s rule. This is a rule that is very useful for determining 
the direction in which a current is flowing 
when its source cannot be seen. It is usually 
stated as follows : Suppose a man to be swim¬ 
ming in the wire with the current and with his 
face towards a coynpass needle, then the N.- 
seeking pole is deflected towards his left hand. 

Fig. 146 shows the nature of the magnetic 
field set up by a current in a circular wire, 
the positive direction of the lines of force 
being clockwise when looking in the direction 
of current flow. The coil behaves as a mag¬ 
net, exhibiting N. and S. polarity as can be 
demonstrated by using a compass needle. The magnetic force 
due to the current depends upon the strength of the current, and 
this fact is used in choosing the unit of measurement. Unit quarvlity 




s 


up 

Fig. 146. Magnetic 
field due to a current 
111 a circular wire. 
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of electricity or unit current ia that which when flowing along a wire 
1 cm, long bent into the form of a circular arc of 1 cm, radius would 
exert a force of 1 dyne on a unit magnetic pole placed at the centre oj 
the circle. This unit is the absolute unit of current, and is equivalent 
to a current of 10 amperes. Another definition of the absolute unit 
of current is given on p. 327, where the subject of magnetism and 
electro-magnetism is dealt with in a more quantitative way. 

The solenoid. In the case of a spiral of wire called a solenoid, as 
shown in Fig. 147, the lines of force still form closed loops around 


Lines ^Forc^ ^ ^ ^ 



Fig. 147. Magnetic field due to a solenoid in which a current is fiowiug. 

any one turn ; but the shape of the spiral, and its effects, is to pro¬ 
duce lines of force, all of which pass through the coil. 

The air inside the coil is not easily magnetised, but if an iron core 
is placed inside the spiral, the iron core becomes magnetised with N. 
and S. poles in the position showTi and the magnetic effect is con¬ 
siderably increased, the coil and core behaving exactly like a 
magnet. If a soft iron core is used, it only acts as a magnet while 
the current is flowing; the magnetisation is said to be temporary 
and the iron acts as an electromagnet. When a steel core is sub¬ 
stituted, the steel is magnetised to a less extent, but in a more per¬ 
manent fashion. This property of the solenoid provides the under¬ 
lying principle in the production of permanent magnets and electro¬ 
magnets (see Expts. 42, 46 and p. 323). 

Comparatively weak })ermanent magnets can be mode by mech¬ 
anical means (Expt. 41), such as by stroking a bar of steel over its full 
length, in one direction only, with one pole of a permanent magnet. 
At this stage it may also be noted that it is possible to magnetise a 
bar of iron having one pole in the centre and like poles at the ends. 
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The central pole is then called a consequent pole. If broken at a con¬ 
sequent pole the broken ends form like poles of the two magnets so 
formed. When an ordinary magnet is broken the broken ends 
exhibit opposite polarity in such a way that the broken pieces act 
as separate magnets. 

Even with so-called permanent magnets the magnetisation can 
be impaired or destroyed by striking, or heating to a high tempera¬ 
ture (refer to Expt. 44). The theory of magnetisation can be strik¬ 
ingly illustrated by magnetising a glass tube filled with iron filings, 
which become arranged in definite lines with all the N. poles point¬ 
ing in one direction. When shaken up and disarranged, the glass 
tube of filings ceases to act as a magnet. 

The soft iron core when introduced is really magnetised by a 
process called induction. Magnets possess the property of inducing 
magnetism in neighbouring pieces of iron and 
steel. This property is illustrated in Fig. 148, 
where pieces of iron or steel are first magnetis(?d 
by induction before being attracted, the polarity 
of each temporary magnet so formed being such 
that unlike poles are in contact. To prove 
this a compass needle may be brought near to 
the lower end, which is an N. pole and which 
will repel the N. pole of the compass needle 
and attract the S. pole. It should be em¬ 
phasized that this induced magnetism is only 
of a temporary nature, and the magnetic effect 
disappears as soon as the magnet ii^ withdrawn 
or the current is stopped in the solenoid. 

The experiments wjiich follow illustrate the 
matter dealt with in this chapter. 

Expt. 39. Tangent Law. 

Object, To verify the Umgeni law. 

Apparatus. As shown in Fig. 149, 

Method of procedure. From P, a nail driven into a vertical 
board, suspend a hanger with weights, of total weight Vf lb. Attach 
a small pulley to the board at A and over this pulley pass a light cord 
terminating in a small ring at B, the ring free to slide up and down 



Fio. 148. Magnetic 
induction and testing 
for polarity. 
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the vertical cord from P. tlace a hanger C with adjustable weights 
on the free end of the cord passing over P. 

Now this arrangement represents a simple magnetic or electro¬ 


magnetic instrument in which the force 
W is the restoring force and the force at 
C, denoted by is the deflecting force, 
while the line PB represents the needle. 
By adding weights to C, or increasing 
the line PB is deflected to a position 
PD. Measure the tangent of the angle 
BPD, or the angle of deflection, that is, 


the ratio - ~ and compare this relation 

deflecting force Wi 

^\lth the ratio —r— 

restoring force W 

Repeat the experiment for various values 
of \Vi until Wi almost equals W. It will 

h. found that the ratio 

restoring force 
ecjuals the tangent of the angle of deflec¬ 
tion, that is, 


Deflecting fore f -Restoring force x Tan- 
gnit of angle of deflection. 



Fio. 149. Expt. 39. 


Note. —The student will recognise in this experiment an application 
of the triangle of forces. 

Observvtions and derived results. 



Conclusions. Within the limits of experimental work the values 


of the tangent of the angle of deflection, the ratio 

.. BD . " 

ratio are equal. 


and the 


X 


B.B.IS.S. n 
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Expt. 40. Natural magnets. 

Certain iron ores have magnetic properties and are given the name 
hdesUmes (= leading stones) for* this reason. Take a piece of lode- 
stone and suspend it by a thread passed 
around the centre. Dip the suspended lode- 
stone into iron filings, when the iron filings 
will adhere to the lodestone by magnetic 
attraction. Upon examination of the piece 
of ore, Fig. 150, the filings will indicate, 
by their intensity at certain regions, the 
existence of poles in this natural magnet. 

Expt. 41. Artificial magnets. 

Take a steel knitting needle which has 
not been magnetised and dip the end into 
iron filings; it will be noticed that there is 
no adhesion of filings. Now magnetise the 
needle by stroking it in one direction with 
the North pole of a magnet, using the 
method of Single Touch shown in Fig. 
151 (1). Now dip the needle into iron filings; it will be found that 
it shows definite evidence of magnetisation and that the iron filings 
adhere to the needle in the region of its poles. These poles may be 
roughly positioned by shaking a few filings over the length of the 


( 1 ) 


( 2 ) 


Fio. 151. Making artificial magnets. 

needle while it is resting on a card. A slight tapping of the card will 
then cause these filings to concentrate at the ends of the needle, 
that is, near the poles. Another unmagnetised needle should now 
be obtained and magnetised by the method of divided touch, Fig. 151 
(2), using the N. and S. poles of two magnets and stroking in opposite 
directions from the centre of the needle towards the ends. Test this 
artificial magnet by dipping into iron filings. 




Fig. 160. Natural 
magnet. 
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Exft. 42, An electro-nilignet. 

Suspend a coil of wire through which is passed an iron rod. Pass a 
strong electric current for a few 
seconds through the coil; the sus¬ 
pended coil and rod will set itself 
in a north-south direction. Remove 
the rod and test it with iron filings 
for magnetisation. Replace the iron 
rod and reverse the direction of the 
current, when it will be found that 
the poles of the artificial magnet 
so formed are also reversed, in other 
words, the axis of the coil will 
completely turn around through an 
angle of iSO®. f . Oi/rrenf . \ 

_ Fio. 152. An electro-xnagnet. 

Expt. 43. Test of magnetism. 

Apparatus. Obtain a strongly magnetised pivoted needle about 
4 inches in length with its N. and S. poles clearly marked. Mag¬ 
netise a knitting needle by one of the methods described in Expt. 41 
and take a second knitting needle which is unmagnetised. 



Fig. 153. Test of magnetism. 


Method of procedure. Suspend the magnetised needle in a 
paper stirrup as shown in Fig. 153, and mark its north-seeking or N. 
pole by comparison with the pivoted needle, which should be kept 
at a distance from the suspended knitting ne^le. Bring the N. pole 
of the kmtting needle into the regidn of the S. pole of the suspended 
needle; the two will be found to attract. Now bring the N. pole 
of the knitting needle into the vicinity of the N. pole of the pivoted 
needle and notice that the poles repel. Thus, like poles repel and 
unlike poles attract. It now remains to prove that attraction is not 
a final test of magnetisation of the attracting bodies. Replace the 
magnetised knitting needle by the unmagnetised one and bring ope 
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end into the vicinity of one of the poles of the pivoted magnet. 
Attraction wiU occur. Now bring the other end of the unmagnetised 
needle near to the pole and again attraction occurs ; thus the un¬ 
magnetised needle is attracted by either pole of the pivoted magnet, 
whereas, in the case of the magnetised needle the like poles repelled 
and only the unlike poles attracted. 

Thus, Repulsion is the only definite test of both needles being mag* 
netised, 

Exft. 44. Destruction of magnetism. 

Magnetism may be destroyed by (a) rough usage, (b) application 
of heat. 

Prepare two magnetised knitting needles and treat them in the 
following manner. 

(1) Place one needle on an anvil and vigorously strike it with a 
light hammer. Afterwards test for magnetism, when it will be 
found that all, or nearly all, of the magnetisation will have dis¬ 
appeared. 

(2) Heat the other needle to red heat in a bunsen flame, and when 
it is cool test for magnetism. This treatment will also be found to 
have destroyed the magnetisation. 

Expt. 45. Temporary and permanent magnets. 

Take two rods, one of soft iron and the other of steeL Magnetise 
them separately by means of an electric current and test for magne¬ 
tism, in each case, by the repulsion of a pivoted compass needle 
while the current is still flowing. Test again for magnetisation after 
the current is cut off and it will be found that (a) the steel remains 
magnetised, and (6) the soft iron has lost most of its magnetisation. 

Thus steel becomes a permarvent magnet while soft iron is only a 
magnet while the process of magnetisation is in operation. 

Expt. 46. To prepare a soft iron cored solenoid. 

The trip gear of starters and contactors is often held in position 
by a coil of wire known as a solenoid with a soft iron core. Thus 
while the current is flowing in the coil, the soft iron core behaves as 
a magnet and attracts the trip gear lever towards its pole. As soon 
as the current ceases to flow the core becomes demagnetised and 
the trip gear is released. 

Method of procedure. Wind a number of turns of insulated 
copper wire loosely around a soft iron core. Fasten the coil and 
core to a vertical board (Fig. 154) and arrange a soft iron lever 
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pivoted to a fulcrum on the board, so that the end of the lever can 
be drawn towards the solenoid core when this is magnetised. Pass 
a current through the coil; the end of the lever will be drawn 
by the magnetic force towards the pole of the solenoid core. If the 



trip lever is pivoted so that its weight tends to pull it away from the 
solenoid, and the current circuit is made and broken at intervals, 
the action of the trip gear can be shown. 

Expt. 47. Lines of force. 

Object. To demonstrate the existence of lines of force from a 
single bar-magnet. 

Method of procedure. Place a piece of drawing paper on a 


4 



Fio. 155. Magnetic field due to a bar magnet. 


drawing board and lay a single bar-magnet upon it (Pig. 155). 
Sprinkle, in the vicinity of the magnet, some iron filings and gently 
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tap the board. Each iron filing then becomes a magnet and sets 
itself along a line of force of the bar-magnet. It will be noticed that 
the lines of force emanate from the poles of the magnet and that the 
greatest concentration of lines of force is near these poles. 



Fig. 156. Magnetic field due to like poles : repulsion, 

Expt. 48. 

Object. To extend experiment No, 47 to two har-magnets, (a) with 
poles in opposition, (6) with poles in agreement. 



Fig. 167. Magnetic field due to unlike poles : attraction. 
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Expt. 49. Lines of force. 

Object. To map the lines of force of a simple bar^magneJt, 

Method of procedure. Place a bar-magnet upon a sheet of 
drawing paper on a flat table, and obtain a small pocket compass 
about I in. in diameter. 

Starting from the end of the magnet, place the compass so that 
its needle will set itself in the direction of the lines of force of the 
magnet, as shown in Fig. 141. Mark the two ends of the needle for 
different positions and join the marks to form continuous and com¬ 
plete lines of force and continue the experiment until a map i^ 
obtained of the complete magnetic field. 

This experiment may now be extended to two or more bar- 
magnets placed in the different positions of pole opposition and 
agreement (see Figs. 141, 143, 156, 157). 

Expt. 50. The magnetometer and the inverse square law. 

Objects. To demonstrate the validity of the inverse sqvjare law 
and to compare the pole strength of two magnets of equal length. 

Apparatus. A magnetometer and two bar-magnets of equal 
length (about 24 in.) and of different pole strengths. 

The magnetometer (Fig. 158) is an instrument which is made in 
vanous forms, the most common of which consists of a compass box 



Fio. 158. A magnetometer. 


containing a short pivoted magnetic needle to which is fixed, at 
right angles, a light pointer pp\ This pointer operates over a 
circular scale graduated in degrees. Through the centre of the box, 
and in the normal direction of the setting of pp\ when the magnet 
is controlled by the earth only, is a long scale, fitted with a central 
slot in which a bar-magnet may be placed. 

Thfe earth provides a restoring couple on the magnet of the 
magnetometer while the force due to a pole of the bar-magnet 
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supplies the deflecting moment (Fig. 159). If the bar-magnet is 
comparatively long the influence of the distant pole may be ignored 
in the proof of the inverse square law and the comparison of pole 
strengths. 

Method of procedure. (1) Take one of the bar-magnets, and, 
after setting the magnetometer so that the light pointer pp' is, 
without outside magnetic influence, in a line E.-W., that is, the 



magnet ometei. 


pivoted magnet in a direction N.-8., place the bar-magnet in such a 
position in the slot that it produces a deflection of about 40"" on pp'. 
Measure carefully the distance d between the pole of the bar-magnet 
and the centre pivot of the magnetometer needle. Take a series of 
readings of the magnetometer deflection with varying values of the 
distance d and tabulate the re.sults. Calculate the values of ^n 9, 
where 6 is the deflection for the value of d considered. ^ 

(2) Place the first bar-magnet in a position to produce a deflection 
of about 40° and measure the distance d for this magnet. 

Replace this magnet by the second bar-magnet in the same 
position and notice the deflection. Now since the distances d are 
equal for both magnets the pole strengths are proportional to the 
tangents of the angles of deflection (Tangent Law). 

Observations and derived results. 


Distance “ d ” in 
cm. 




1 





Deflection “ 0 ” in 
degrees 









d^ tan B 
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Since the force, by the tangent law, is proportional to tan 6, if 
the force is also, by the inverse square law, inversely proportional 
to the (distance)2, dP tan 6 should be a constant. 


(2) ^1= , tan&i = 

^2= , tan^2== 


Ratio of pole strengths — 


Tan 
Tan 62 


Expt. 51. Magnetic effects of a current. 

Objects, (a) To investigate the magnetic field surrounding a 
straight conductor carrying a current, 

(b) To verify the ruhfor the direction of the lines of force surrounding 
such a conductor. 

Apparatus. Arrange a straight wire vertically and connect its 
ends to the terminals of a source of current. Place a stiff card 
horizontally to surround the conductor (Fig. 160 («)). 



Field Anttclockwiee 

Fig. 160. Magnetic field near a long straight conductor. 

Method of procedure. Pass the current down the conductor 
from A to B and sprinkle on the card, evenly, some iron filings. Tap 
the card gently and notice that the filings take up positions in con¬ 
centric circles around the conductor. Reverse the current direction 
and notice that the same circular form of the lines of force is main¬ 
tained. Note the direction of the current flow is from the positive 
terminal of its source towards the negative. Next remove the 
filings and employ a small test compass to determine the direction 
of the lines of force. When the current is flowing from A towards B 
it will be found that the direction of the lines of force is clockwise 
in plan, that is, the compass needle will turn itself with the N.-S. 
line in a clockwise direction. Upon reversing the direction of4he 
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current the direction of the lines of force will become anticlockwise 
(Fig. 160 (6)). 

Conclusion, (a) The lines of force surrounding a straight con¬ 
ductor carrying a current are concentric circles with the conductor 
passing through their centre. 

(b) If you look along a conductor in the direction of the current 
flow, the field around the conductor is such that the north seeking 
pole of a magnet placed in the plane of the lines of force will set 
itself to point in a clockwise direction. This is equivalent to Max¬ 
well’s Corkscrew Rule, which states tlmt if you imagine a corkscrew 
being driven along the wire in the direction of the current, a N. pole 
of magnet placed in the field will set itself in the direction moved by the 
handle, 

Expt. 52. Magnetic field round a circular conductor. 

Objects. . (a) To investigate the irvagnetic field surrounding a 
circular conductor carrying a current, 

(b) To show that the directicm of the lines of force is according to 
the rule verified in Expt, 51. 

Apparatus. A circular coil of wire attached by terminals to a 
base board. A source of current and a stiff card fixed diametrically 
across the coil at right angles to it (Fig. 161). 



Fig. 161. Magnetic field surrounding a circular conductor. 

Method op procedure. Pass a current around the coil from A 
fo B ; that is, connect the terminal A to the positive and B to the 
negative of the source of current. Sprinkle iron filings on the top 
of the card and gently tap. The filings will set themselves in the 
direction of the lines of force, which will be in two series of con¬ 
centric rings surrounding the two limbs of the coil. Examine this 
arrangement of lines of force, and it is. found to be consistent with 
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the conclusion of Expt. 51, that is, in the left-hand limb, the current 
is flowing upwards so that the north-seeking pole of a test magnet 
will indicate an anticlockwise direction of the lines of force. Similarly 
in the right-hand limb the current is flowing downwards and a test 
compass will indicate a clockwise direction of the lines of force. 
Test for the accuracy of this theory by placing a test compass at 
different points in the field of each limb. Reverse the direction of 
the current flow and verify the change of direction of the lines of 
force. 

Exft. 53. Magnetic effects of a current. 

Objects, (a) To investigate the field surrounding a solenoid 
carrying a current, 

(6) To determine the polarity of the ends of this solenoid, 

(c) To show the effects on the magnetic field by the presence of an 
iron core in the solenoid. 

Apparatus. Prepare a solenoid by winding fairly closely on to a 
cardboard hollow cylinder some turns of thick insulated wire (Figs. 
162,163). Cut a sheet of cardboard to fit the outside of this solenoid 
in a plane containing its longitudinal axis, and connect the ends of 
the solenoid winding to a source of current. Obtain a pivoted 
compass needle and a soft iron core for the solenoid. 



Fig. 162. Solenoid and magnetic field. Fig. 163. Expt. 53. 

Method of procedure. Pass a current through the solenoid 
and note the direction of flow. Sprinkle iron filings on the card and 
gently tap. Note the distribution of the lines of force. Bring the 
north pole of the test magnet near each end of the solenoid in turn 
and verify the polarity of the ends by the repulsion test, Expt. 43. 

Clear the iron filings from the card and slowly introduce the iron 
core mto the solenoid while the current is flowing. Notice the 
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tendency for the core to be drawn into the coil. Now sprinkle the 
filings on the card and notice the tendency for the whole magnetic 
field to be concentrated in the iron, and a comparative absence of 
magnetic effect around the coil itself. Test the polarity of the ends 
of the iron cored solenoid and notice that they are the same as for 
the coil alone. Reverse the dire^ion of current flow and again test 
for polarity. This time the polarity of the ends will be reversed. 

Conclusions. 1. The magnetic field around a solenoid (Fig. 
162) is in the form of closed loops which pass and are concentrated 
through the centre of the coil. 

2. When an iron core is introduced into the centre of the solenoid, 
this coil is drawn into the coil. 

3. The lines of force become concentrated in the iron core and 
there is very little evidence of the existence of an external field. 

4. The coil ends assume a polarity according to the direction of 
the current flow. 

Example 1. A north pole of strength 27 vnits is placed 5 cm. from a 
south pole of strength 36 units. Find the force exerted. 

Using the relation F =-^ where m = + 27, = - 36 and d = 5 cm., 

27 X — 36 

F - —— = “ 38-88 dynes (attraction). 

The nature of the force is attraction, since the poles are unlike, and 
the answer is negative, and the poles are said to exert an attractive 
force on each other of 38-88 dynes. 

Example 2. Two north poles of strengths 18 and 54 units respectively are 
2 ‘>laced 9 cm, apart. Find the force exerted between them. 

F=~^ where m —18, 77?i=54, d = 9 

18x54 V 

= —— = 12 dynes (repulsion). 

Example 3. A magnet pole has a strength of 300 units. Determine the 
strength of the mxxgnetic field at a distance of lb cm. 

Since the strength of the field is the force on a unit pole, the values 

of m and rr^ are 300 and 1. 

TJ x rz! IJ rr ^^^^1 300 x 1 

H =strength of field -F —— =1| gauss. 

a* 15 X 16 

Note. —^The force acting on a pole of strength say 3 imits, at this 
point would be 3 x IJ = 4 dynes. 
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Bzample 4. Tivo long magnets are placed in line with their S. poles 
10 cm, apart. If the pole strervgths are respectively 30 arui 50, find the 
position of the neutral point, that is, the point where the field due to one 
pole is equal to that due to the other. Since the magnets are long the effects 
of the N, poles may he neglected, * 

Let thJ^ neutral point be x cm. from the pole of strength 30, and 
(10 - a?) cm. from that of pole strength 50 imits. 

At the neutral point the field strengths are equal, and 

or 3000 - 60ar + 30a:«=60a;», 

a:* (10-a;)* 

whence x =4*365 cm. 

Electromagnets. The property of being able to induce magnetism 
is of great importance in the production of electromagnets and in 
all electrical machinery which employs them. 

Fig. 164 shows the principle underlying the 
making of a horseshoe electromagnet. The 
thick core of soft iron has several turns of thick 
cotton-covered wire woimd opposite ways 
around each straight limb, and the ends con¬ 
nected to a battery or other source of con¬ 
tinuous current supply. The current will flow 
around the left-hand limb first, and then 
through the coil around the right-hand hmb, Fio. 164. A simple 
producing an S. pole at the extremity of the ^^^^‘^romagnet. 
left-hand limb and an N. pole at the other. The polarity can be 
tested by using a compass needle. By reversing the direction of flow 
of the current the polarity will also be reversed. 

Electromagnets are used nowadays for lifting iron and steel parts, 
and for gripping them in magnetic chucks while machine operations 
are carried out. When the work is to be released a demagnetising 
switch causes a reversal of the flow of current, which demagnetises 
the iron and allows the work to be removed before the magnetism 
is built up with this reversed polarity. This also serves to demag¬ 
netise the work. In modem designs of electromagnets for magnetic 
chucks, large numbers of turns are coiled around each pole piece, 
and the coils insulated from each other by employing enamelled 
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wire, paper separators, and finally forcing an insulating compound 
into all the interstices between the coils. 

Soft iron is chosen for the core of the electromagnet because only 
a small expenditure of energy is required to magnetise it, and 

for this reason it is said to have 
high permeability, rfie latter 
indicates the degree of ease 
with which the lines of induc¬ 
tion establish themselves in a 
material. Fig. 165 shows the 
effect of placing a piece of soft 
iron in a uniform magnetic 
field. The lines of induction 
tend to crowd through the iron, 
strengthening the field at A 
and B and weakening it at C 
and D. This piece of soft iron 
Fig. 166. Resultant lines of indue- now acts as a magnet, its actual 
Won for a piece of soft iron m a magnetic depending upon the 

strength of the field, with an 
S. pole at the end A and an N. pole at the end B. Thus magnetisa¬ 
tion has been induced without actual metallic contact. Note that 
when soft iron entirely withdraws lines of 
force from any region it is said to serve as 
a magnetic screen. Material which has a high 
permeability is said to have a low reluctance, a 
erm which may be defined as the resistance 
to the establishment of induced magnetism. 

A soft iron keeper or armature placed across 
the poles of a permanent horseshoe magnet 
(Fig. 166) has magnetism induced into it, 
and the closing of the magnetic circuit gives 
the material of the magnet greater power 
of retaining magnetisation; this power is Fio. 166. Horseshoe 
termed retentivity. The efficiency of the mag- with keeper, 

neto, used sometimes for creating an electric spark in an internal 
combustion engine, depends upon the ability of the magnets to 





THE MAGNETIC CIRCUIT 


retain their magnetism. Hard steel which contains such metals as 
cobalt and tungsten has a high retentivity. 

The magnetic circuit., If unit pole is situated at the centre of a 
sphere of 1 cm. radius, the strength of the field will be uniform over 
the whole surface of the sphere and, by definition, has a value of 
1 unit, called 1 gauss. This means that 1 line of force will cross 
each square cm., and since the surface area is 477 sq. cm. the total 
number of lines of force emanating from unit pole is 477. This gives 
another definition of unit pole. If the pole strength is not unity, 
the total number of lines of force starting from any N. pole and 
ending at a S. pole is equal to 477 times the pole strength. 

As before mentioned, lines of induction tend to crowd into iron 
or steel, owing to its high permeability, in preference to passing 
through air. When the lines of induction exist entirely, or almost 
entirely, in a closed iron ring, the same number of lines cross each 
section of the ring, no matter how that croas-section may vary in 
size and shape. In other words, the total number of lines of induc¬ 
tion or magnetic flux, as it is generally called, remains the same for 
each section of the magnetic circuit. Magnetic flux is a general 
term used for both lines of force and fines of induction, which 
together comprise a magnetic circuit. 

Electro-magnetism. Work done in moving a magnetic pole in a 
uniform field. Since the strength of the magnetic field at any 
point is the force acting on unit pole if 
placed at that point, then, conversely, 
the force F acting on a unit pole placed 
in a field of uniform strength H will be 
H dynes. The direction of the force 
on a magnetic pole placed in a field of 
strength H is in the same direction as 
the lines of force if the pole is a N. pole 
and opposite to the direction of the 
lines of force if it is a S. pole. H is 
also called the magnetising force and 
is measured by the number of lines of force per sq. cm. 

Now consider a unit N. magnetic pole placed in a field of uniform 
strength H (Fig.167). This is a reasonable assumption as exempli- 



I 


Fig. 167. Uniform mag¬ 
netic field. 
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fied by the earth’s field at a given place or near the pole of k powerful 
electro-magnet, or in a closed magnetic circuit. The force F acting 
on the pole will be H dynes and its sense of direction will be from 
left to right. Assume an equal and opposite force to be applied to 
the pole so as to move it in the opposite direction from A to B through 
a distance I cm. parallel to the lines of force. The energy expended 
in this movement 


= Force in dynes x displacement in cm. 

= H X I ergs = HI ergs, 


since 1 erg is the work done when a force of 1 dyne acts through a 
distance of 1 cm., measured parallel to the direction in which the 
force acts. The erg is the absolute unit of work in the C.G.S. or 
centimetre, gram, second system of units. 

This energy is not lost but is only stored up, as in the case of a 
perfectly elastic spring which has been compressed by a force, and 
may be regained by allowing the pole to move back to the position 
A under the force F ; in a similar way the resilience or work stored 
by a spring may be regained, by allowing the spring to resume its 
former ‘shape, w hile acting against the force w Inch was used to 
compress it. 

This energy is called the magneto-motive force (m.m.f.) of the 
magnetic field betw^een the points A and B, because it plays the same 



part in the magnetic equation for the 
magnetic circuit as does the e.m.f.Jn 
the electrical equation for the electric 
circuit (see p. 330). 

Note. —Where the field is not uni¬ 
form the treatment of the m.m.f. is 
much more complicated and is not con¬ 
sidered in this book. 

Force acting on a conductor. Fig. 168 
shows the direction of the lines of force 


Fi(J. 168. Force acting on 
a conductor. 


around a conductor a in which the cur¬ 
rent is flowing away from the observer. 


Let the field strength, due to the current in the conductor, a, at the 


point c, where a magnetic N. pole of strength m d 3 nQes is placed, be 
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Then force experienced by the pole will be F^Hm dynes, 
and the direction of the force will be as indicated by the arrow, i,e, 
tangential to the circle. An equal and opposite reaction F will be*' 
experienced by the conductor. 

This reaction may be assumed to be brought about by the curreiit 
carrying conductor being placed in the magnetic field due to the pole 
of strength m. In this case, let cb be one of the lines of force eman¬ 
ating from the pole which passes through the centre of the conductor. 
The force experienced by the conductor will thus be perpendicular 
both to this field and to the length of the conductor as explained 
below. A reversal of current will reverse this force, as will also 
a reversal of the magnetic field due to the pole (i.e. by changing it to 
a S. pole). 

Now assume a conductor (Fig. 169) to 
be placed in a magnetic field with its length 
I cm. perpendicular to the lines of force and 
V ith a current of strength /' in absolute 
units flowing along it. If the field strength 
is Hj experiment shows that the force F is 
directly proportional to the length Z, the fiel4 
strength H and the current 

Now, the absolute unit of current is defined 
as the currmt which, when passing thrcmgh a 
conductor 1 cm. in length placed in a magnetic 
field of one line per sq. cm., so that it is per• 
pendicular to the lines of force, produces a 
force of 1 dyne between the conductor and the magnetic field. 

Thus, the force F acting on the conductor I cm. in length in a field 
of strength H lines per sq. cm., and with a current of F absolute 
units in the conductor, is, from the definition of unit current, 

F^HFl. 

Compare the above definition of absolute unit of current with that 
on p. 309. 

Let an equal and opposite force be applied to the conductor to 
move it through the magnetic field a distance d, parallel to the line 
of action of the force. 



form field. 


y 


B.B.n.s. n 
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Then energy expended x d ^HFld 

=H X I' X Area swept out by conductor 

..( 1 ) 

where ^ = total flux cut across = field strength x area 
=total number of lines cut across ==Hld. . 

Field due to a current in a long straight conductor. Let a 
current of /' absolute units flow in a straight conductor and at a 
point r cm., measured perpendicularly from the conductor, let the 
field strength be H dynes. Then the force F acting on unit magnetic 
pole when placed at this point will be H dynes. 

Now let the pole be moved once round the conductor axis as 
centre in a circular path of radius r cm. against the force F. 

The distance moved == 27rr cm , 

and the energy expended —Fx 27Tr or 27TrH ergs .(2) 

=m.m f of the field at the radius r. 


However, in moving the pole once round the long conductor every 
one of the 47r lines of force emanating from the unit magnetic pole 
cuts across the current carrying conductor. 

Since from equation (1) above the energy and ^ =^7r in this 
case, then 

^/'= 477 /'. 

Thus 47?/' must equal the m.m.f. 
and 27rrH=47r/, 


or 


277r r ’ ” 


v3) 


Magneto-motiye force for a solenoid. Let the solenoid have 
T turns and the current flowing be /' absolute units. A current /' 
flowing through T turns can be considered as equivalent to a current 
of (T/') units flowing in one turn. 

If it be assumed that a unit magnetic pole be moved once through 
the turn, in a circular path through a point on the axis of the turn, 
round and back again to its starting point, in a direction opposite to 
the force acting on it, then every one of the 4?? lines of force from 
the pole cuts across the conductor, and as already explained, 

m.m.f. = energy =<^ x current = 4tcTI'. 


(4) 
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Field strength inside a closed ring. Consider a spiral of wire made 
from a large number of evenly wound turns T and bent round to the 
shape of an anchor ring and carrying a current of /' absolute units. 
Let the mean radius of the ring be E cm. and the mean length I cm. 

Then 

Suppose H is the field strength at the centre of the turns or on the 
mean circumference of the ring. 

Then fix)m the consideration of the energy expended by a unit pole 
in traversing the mean circumference of the ring in the opposite 
direction to the lines of force, 


=47r!r/' fi'om equation (4), p. 328. 

. .(S 

In the magnetic circuit the 

total flux tfi == field strength x area of cross-section of ring 
-H xa 

^4jrr/' 47rTr m.m.f. 

*. i Ija Reluctance* 


I fa is called the reluctance or the resistance set up to magneti¬ 
sation of the air within the wire coils and it plays the same part in 
the magnetic circuit as resistance does in the electrical circuit. 

Note : in the above formulae the current I is expressed in 
absolute units. If the current be measured in amperes, then /' 
must be replaced in the above formula by //lO. 

With an iron core the total flux is increased by lines of induction 
and the flux density or <^/a is denoted by the symbol JS. 

Permeability is measured by the ratio ^, and is denoted by the 
Greek letter /x. /x = 1 for air. 

jy, it must be remembered, is the magnetising force. 

In the case of a closed iron ring which is subjected to a magnetis¬ 
ing force by a current passing through a coil wound round it, the 


magnetising force producing a flux in the iron ring is = 
where I is the mean length of the ring in cm. 


4nTl 
lOZ ’ 
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The total flux =0 = 15 x area 


« Ba = yxiH = 


47rT/ 

lOZ 


XUfJL 


4:7tTI 

10 


** r 

afjL 


reluctance. 


As before, the quantity - is called the magneto-motive force 
(m.m.f.), and — is called the reluctance (S) or resistance set up to 

(t^ _ _ 

magnetisation. 

A comparison may now be made between the laws of the electric 
and magnetic circuits: 


Electric circuit: current ==e.m.f.^ resistance (variation of Ohm's 
law). 

Magnetic circuit: total flux =m.m.f.-~ reluctance. 

As in the electric circuit, the relation just given for the magnetic 
circuit is true for a portion of the circuit as iQjdl as for the whole. 

Flux density and magnetising force. In the case of an electro¬ 
magnet in which a pole strength m is induced, then lines 

a 

of induction will pass through the iron per sq. cm. if a is the 
area of a uniform cross-section in sq. cm. If i? is the mag¬ 
netising force, that is, if /nines per sq. cm. passed previously, 

then is the total lines passing per sq. cm. This is called 

the flux density or induction, and is denoted by the symbol B, 

Iftb Tft 

Hence B=^H where J = — and is called the 

a a 

intensity of magnetisation. 

Curves showing the relationship between the magnetising force H 
and the flux density B for a few common brands of iron and steel, 
nickel and radiometal are shown in Fig. 170. The steepest parts of 
the curves indicate where the magnetic induction is increasing very 
rapidly for a small increase in the magnetising force. This is a very 
desirable feature, and materials which have a steep B v, H curve, 
initially, should be chosen where possible for the magnetic circuits of 
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'electrical machines. fiv,H curves can easily be constructed from 
JB 

B V. H curves, since /x • 
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.0 20 40 eo 80 too 120 

H"‘/llagnetiaing Faroe in CG S units 
Fig. 170. Flux density v. magnetising force. 

The strength of the magnetic field If, or the numbers of line of force 
per sq. cm. at right angles to their direction, at the> centre of a solenoid 
is given by the formula : 

^ T= number of turns, 

47rTI ^ ^ “ current in amperes, 

"""loT ’ ^ / = length of solenoid in c_., 

. TI ==the ampere turns of the solenoid. 
This formula may be written : 

If = 1-257 X number of ampere turns per cm, length of solenoid. 


Summary of units of measurement. 

The practical unit of quantity of electricity is called the coulomb, 
and it is considered to be the quantity which is transferred at any 
point of a conductor by a current of 1 ampere in 1 second. The 
international ampere is the unvarying current which when passed 
through a solution of silver nitrate in water deposits silver at 
the rate of 0-00118 gram per sec. Resistance is measured by the 
international ohm, which is the resistance offered to a constant 
electric current by a mercury column 106-3 cm. long of unvarying 
cross-section, weighing 14-4521 grams, and at a temperature of 0®1D., 
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that is, of melting ice. Pressure is measured as the voltage ; the 
international volt is that pressure which, on being steadily applied 
to a conductor of resistance 1 ohm, will produce a current of 
1 ampere. The unit of work is called a joule, and is the energy 
expended by 1 coulomb of electricity in any part of a circuit 
between the ends of which a pressure of 1 volt exists. t- 

Since coulombs = amperes x seconds, 

the amount of energy expended in a circuit with pressure E volts 
and current I amperes in t seconds is Elt joules; 1 joule = 10’ ergs 
=0*7372 ft. lb. When the rate of doing work is 1 joule per sec. the 
power developed is described as 1 watt. Thus the product 
amperes x volts = watts. 

This electrical unit of power is often too small for many purposes, sc 
that a larger unit, the kilowatt (kW.), or 1000 watts, is employed. 

The Board of Trade unit (B.T.U.) of electrical energy, or the stan¬ 
dard unit of energy, is a supply of 1 kilowatt maintained for 1 hour, 
that is, a kilowatt hour (or Kelvin). Since 746 watts are equivalent to 
1 horse power, a conversion of watts to horse power may be made 
by dividing the number of watts by 746. A power of 746 watts is 
often referred to as an electrical horse power. 


Example 1. A solenoid 40 cm. Zongr has 800 turns and carries a current 
of 12 amperes. Determine (1) the m.m,f., (2) the magnetic force at the 
centre of the solenoid, and (3) the total flux if the cross-sectional area, is 
3 sq, cm. 


m.m.f. 


4,7tT1 

10 


-1-257 X 800 X 12 =12,067 units. 


H = magnetic force = 


47rT i 

10 ^ 


47r X 800 X 12 
10 x4b 


- 301-7 dynes. 


0 =total flux = poM = 1 X 3 X 301-7 =905 lines. 


Example 2. Find the number of ampere turns requirefi per cm, length 
for a solenoid taking 10 amperes if the magnetic field at the centre is to he 
1200 times as strong as the eartEs horizontal field, which is 0-18 gauss ? 


--, in which H - 
lUt 


TI 

■ 1200 X 0-18, and — is required. 


yj lOH 10x1200x0-18 
I 47r 47r 



examples 


Example 3, CcUcidate the ampere turns and the magneto motive force 
needed to create a flux density of 12,000 lines through a solid circvlarring 
of mean diameter 20 cm. and of square section^ 2 cm. x 2 cm. What is the 
total flux ? /I = 1900. 

wri / ^ 

- /X, m which - ^ ^ 




Then 


Tl^ 


m.m.f.: 


lOBZ 

4fnTI 

10 


101 

10 X 12,000 X 207r 


l~207r cm., 
:1900. 


4 X TT X 1900 


1 

1/1= 

=316 ampere turns. 


= 1-267 X 316 =397-2 units. 


Example 4. If an air gap of 2 mm, is cut in the above ring, find the 
ampere turns and m,m,f, necessary to send a flux density of 12,000 lines 
across the gap. 

, , \0BI 10x12,000x0-2 

As above, TI = 


m.m.f. 


4fl'/X 477- X 1 

= 1910 ampere turns. 

4^T1 
10 


rj5 = 12,000, 

-! I =0-2 cm. 

U=i. 


- =2400 units. 


A comparison of the ampere turns required for the two cases worked 
in Examples 3 and 4 shows why the air gap in the magnetic circuit for 
electrical machines is always reduced to a minimum. 


EXERCISES ON (^HAPTER VII 

Magnetism. 

1. What is meant by the poles of a magnet ? How would you locate 
the poles of a bar magnet, and where would you expect them to be 
situated ? 

2. How is the pole strength of a magnet measured ? Explain the 
reduction in magnetic influence upon a body as it is moved away from 
the polo. What law governs this influence ? 

3. What are the tests for magnetism ? If two pieces of steel are 
brought near each other, and one ic pulled towards the other, are 
both pieces of steel magnets ? 

4. Why is repulsion the only test for magnetism ? State the laws 
of attraction and repulsion, and calculate the force of repulsion betw'een 
two like magnet poles of strength 3 and 5 units situated 4 cm. apart. 

5. Prepare a carefully drawn diagram to show the lines of force 
{a) around the poles of a bar magnet, (6) in^ plane at right angles to a 
conductor carrying a current, (c) in a plane at right angles to a coil and 
passing through a diameter, w’hen the coil is carrying a current. 
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6. Draw a diagram to show the nature of the magnetic field of a 
horseshoe magnet when placed fiat on a horizontal table and with its 
axis of symmetry in the magnetic meridian. 

7. Define unit magnetic pole. What happens when a magnet is 
broken in half (a) if it has no consequent poles, (6) if it has a consequent 
pole ? 

8. Devise two experiments to support the generally recognised 
theory of magnetisation. 

9. What is the meaning of the words trutgnetic induction ? Describe 
a simple experiment to explain the phenomenon, including a test for 
the polarity induced. Can magnetisation be induced in soft iron when 
an air gap separates a permanent magnet from the iron ? 

10. Calculate the forces acting between two magnetic poles of 
strengths 40 and 70 placed 10 cm. apart (a) if the poles are like, (6) if 
unlike. If the poles are like, find the position of the neutral point. 

Electromagnetism. 

11. A solenoid is 100 cm. in length and the strength of field inside ik 
is 20-4 units, when a current of 2*5 amperes is passing. Find the 
number of turns. 

12. Find the magneto-motive force for a solenoid of 750 turns passing 
a current of 3 amperes. 

13. A closed iron ring is 40 cm. in mean diameter, and its cross- 
sectional diameter is 2 cm. Find the reluctance if the permeability 
is 600. 

14. A closed iron ring, 100 cm. in mean length and cross-sectional 
area 14 sq. cm., is wound with 750 turns, and passes a current of 
3 amperes. Find (a) the reluctance, (6) the flux, (c) the magnetic 
induction or flux density in the ring. = 600. 

15. A coil of wire is to have an m.m.f. of 4300. If the voltage is 230 
and the coil takes J kW., find (a) the amperes, (6) the number of turns, 
(c) the resistance. 

16. Find the m.m.f. of a coil of wire of 2000 turns, voltage 230, if 
the wire is 0-064 in. in diameter, the specific resistance is 0-0000194 ohm 
per inch cube, and the mean diameter of the coil is 4-4 in. 

17. A coil of thick wire carries a current. What will be the effect of 
passing an iron rod through the centre of the coil. If the coil and rod 
are now 8usx)ended in such a way as to be free to oscillate about its 
centre point in a horizontal plane, how will the coil behave ? 

18. What is the effect of leaving a gap in an iron ring which is wound 
with wire carrying a current ? 

19. What is meant by electro-magnetic induction ? A current flow¬ 
ing in a wire stretched parallel to another wire is constantly being 
mterrupted. If a galvanometer were attached to the parallel wire, 
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what would you expect to happen? If the current was flowing steadily 
in the first wire, the galvanometer would behave differently. Why is 
this? 

20. An arrangement is required to break the power circuit in a work¬ 
shop when the lighting, which is an independent circuit, fails. Sketch 
and describe a suitable arrangement in which a solenoid is employed. 

21. A solenoid is to be used to ensure that the door of an isolating 
switch box cannot be opened without the current being switched off 
beforehand. Sketch and describe a suitable arrangement. 

22. Sketch an electro-magnet suitable for work in the separation of 
iron and steel turnings from brass. 

23. It is desired to mark the direction N. and S. on the ceiling of a 
steel-framed building. Why is an oniinary suspended magnetic needle 
imreliable for this purpose? 

24. Why is it most undesirable to take a watch with a steel hair¬ 
spring into a powerful electric field? W^hat would cadse the watch to 
fail and what is the remedy ? 

25. How would you tost a sample of iron to determine whether or 
not it was suitable for the core of a solenoid ? 

26. Calculate the intensity of the field at the centre of a solenoid 
66 cm. in length wound on a diameter of 7 cm. with 600 turns and 
carrying 6 amp, 

27. A solenoid is to have a central intensity of field of 26 gauss. 
Calculate the current if the coil consists of 600 turns on a diameter of 
6 cm. and a length of 76 cm. 

28. An iron ring of average diameter 20 cm., diameter of metal 2 cm. 
and wound with 80 turns carries a current of 16 amp. Calculate the 
total flux. Permeability = 1960. ^ 

29. An iron ring of the dimensions given in Example 28 is to have 
a flux of 26,000 lines. Calculate the necessary ampere turns. Per¬ 
meability = 2000. 



CHAPTER VIII 


PRINCIPLES OF GENERATION OF ELECTRICAL ENERGY- 
GENERATION OF AN E.M.F.—GENERATORS—CONVER¬ 
SION TO MECHANICAL ENERGY—MOTORS 


The generation of an e.m.f. An e.m.f. is created or induced in a 
conductor whenever there is relative motion between a conductor 
and a magnetic field. In the diagram (Fig. 171) the magnetic field 



Fig. 171. Conductor cutting across 
a magnetic iiekl. 


will be very strong between the 
two poles of the magnet, and 
the direction of the field is shown 
by the arrow F. As the con¬ 
ductor moves in the direction M 
it will cut across the lines of 
force and a current will flow in 
the conductor in the direction /, 
as can be detected by a sen¬ 
sitive galvanometer, or current 
measurer, if connected to the 


ends of the conductor to form a closed circuit. This current only 


flows while the conductor is moving across the magnetic field, and 


a reversal of direction of current occurs if the conductor is moved 


upwards. A useful rule known as Fleming’s Right Hand Rule for 
determining the direction of the current in a moving conductor is 
shown in Fig. 172. If the Forefinger, t?mMb and seGond finger of the 
right hand are placed so as to be rnutually at right angles, then they 
indicate respectively and relatively, the direction of the field, of the 
motion, and of the current. To create the maximum e.m.f. and 
current, an intense field must be cut across at right angles as 
quickly as ]X)ssible. If any other t 3 ^q>e of motion takes place, it is 
only the component at right angles to the field which is useful. 

Thus, when a conductor is moved through a magnetic field in a 
direction which has a component velocity perpendicular to the field, 

336 
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then an e.m.f. is generated or induced in the conductor. The 
magnitude of this e.m.f, is proportional to the length of con¬ 
ductor I cm. perpendicular to 
the magnetic field, to the per¬ 
pendicular velocity v cm. per 
sec. and to the field strength H 
lines per sq. cm. 

Now the absolute unit of 
e.m.f. is that generated in a 
conductor 1 cm. in length when 
cutting across a magnetic field 
of unit strength with a velocity 
of 1 cm. per sec. 

Hence e.m.f., 

e=HlVj (1) Fig. 172. Fleming’s right hand rule, 

where e is in absolute units for the conductor just specified. 

But the velocity, where d is the displacement of the con¬ 

ductor in cm. in t sec. 

Hid 6 
^ t “T 

.since the total flux cut is <j} -Hid. 

Therefore the generated e.m.f. is equal to the rate of cutting of lines of 
force per second. 

This absolute unit is very small and the practical unit, the volt, 
is equal to 10® absolute units. 

Thus the magnitude of the e.m.f. produced is given algebraically 
as follows : 

^ magnetic flux cut per sec. 
e.m.f. =— - -- - -volts. 

A current may be induced in a coil by moving a magnet pole 
towards it, the relative motion causing the lines of force emanating 
from the magnet to be cut by the coil. 

If the conductor is a closed circuit and there is relative motion 
between this circuit and magnetic field, the currents, which are 
induced, always tend to set up forces to oppose motion. This is 
a very important law, and is known as Lenz’s law. 
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Expt. 54. Induced currents and Lena's law. 

Objects, (a) To show that an induced current is obtained in a coil 
only when the number of lines passing through the coil is changed, 

( 6 ) The direction of the induced current is such that the number of 
lines of force tends to remain constant. 

Method of proceduee. Obtain a circular coil of a large number 
of turns of thin insulated wire as shown in Fig. 173. Connect the 

ends of the coil to a galvanometer after 
previously determining which terminal 
must be positive so as to give a deflec¬ 
tion of the needle to the right. This 
can be done by using a voltaic cell. 
Now place the coil on a horizontal table 
some distance from the galvanometer. 
The object of the galvanometer is to 
register that a current is flowing in its 
coils by deflecting a compass needle at 
the centre of the instrument. 

Observations, (a) Observe the direc¬ 
tion in which the needle is deflected 
when the N. pole of a bar-magnet is 
brought towards the coil as shown in 
Fig. 173. It will be found that the 
direction of the induced current, due to 
the number of lines of force passing 
through the coil changing, is such that the upper end of the coil 
acts as a N. pole tending to repel the N. pole of the magnet. That 
is, forces are set up which tend to stop the motion of the magnet, 
the greater the rate of change of motion the greater the force. 

( 6 ) Notice the current ceases to flow and the galvanometer needle 
is no longer deflected as soon as the magnet comes to rest. No 
relative motion means no induced current. 

(c) Now withdraw the magnet and notice that the galvanometer 
needle is deflected in the opposite direction showing that an induced 
current flows in the coil in the opposite direction, to make the upper 
side of the coil a S. pole, producing attraction with the withdrawing 
N. pole. That is, forces are set up which tend to stop the magnet 
from being withdrawn. 

(d) Clamp the magnet and move the coil so that the same relative 
motion occurs as in observations (a), (b) and (c). The same results 
will be noticed. 

(e) Carry out the observations (a), ( 6 ) and (c), but substitute a 4 ^ 




Fig. 173. Expt. 54. 
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S. pole for the N. pole used previously, and note that the directions 
of the induced currents are reversed. In every case the induced 
currents set up lines of force which tend to maintain the number 
passing through the coil as constant as possible; opposing lines 
tending to neutralise one another when the magnet approaches, and 
supporting lines tending to strengthen when the magnet is ^ing 
withdrawn. 

if) If a current-carrying coil be substituted for the bar-magnet, 
similar results will be obtained, according to the direction of the 
current flowing and the polarity of the faces of the substituted coil. 

Conclusions. The mechanical work done in moving the coil or 
magnet supplies the energy necessary to generate the induced 
currents, because no other energy has been given to the system. 
The observations made are really in conformity with the Principle 
of conservation of energy and with the idea of inertia in mechanics. 

Relationship between mechanical and electrical power. Referr¬ 
ing to Fig. 169 and equation (1), p. 337, when the induced current 
flows in the conductor a force willSbe set up between the conductor 
and the magnetic field. From the preceding experiment^ or from 
Lenz’s law, this force will tend to oppose the motion of the conductor. 
If the force assisted the motion of the conductor the velocity of the 
latter would increase under the action of its own generated currents, 
and as this would be cumulative, the arrangement would be creating 
energy, which, of course, is impossible. 

Therefore, the e.m.f. generated or induced in the conductor by its 
motion across the lines of force will be in the opposite direction to 
the flow of current which would be necessary to produce or assist 
the same direction of motion in the conductor. 

The generated e.m.f., e =Hlv, .(2) 

and (from the equation on p. 327, where F is the current flow in 
absolute units), the opposing force 

F^HFl .(3) 

Rearranging (2), 

Ml 

Also 

„ force X displacement energy , 

=power=eig8 per second. 
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/. Power =F xv ®^g® 

or current x e.m.f. = power. 

Now the absolute unit of current = 10 amp. (/), 
and „ „ „ e.m.f. = lO”® volts (^). 

Substituting in the above, power = 10®J5/10“^ = lO’EI ergs per sec. 

if the unit of power is chosen so that it is equal to the power 
in a circuit carrying 1 amp. under a pressure of 1 volt, then this unit 
will be equivalent to 10’ ergs, per sec. 

Thus 1 watt = 10’ ergs per sec. = 1 joule per sec. 

Generators. It is upon this generation of e.m.f. and current that 
the principle of the modem d 3 mamo depends. A large number of 
conductors are used, and the current generated is collected at 
suitable points by what is called a commutator. A simple form 
showing the principle as applied to one conductor is shown in 
Fig. 174. The ends of the rotating coil are joined to the two halves 



Fig, 174. The principle of a direct current dynamo. 

of a split tube which rotates with the coil. As the current which is 
induced in the branches AB and CD is reversed once during each 
revolution, the outward flowing current will always pass to the 
bmsh B + and return through B -. By increasing the number of 
coils and corresponding segments of the commutator the e.m.f, and 
current will not fluctuate so much, and conditions will approximate 
more nearly to that of the dynamo. 
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To create an intense magnetic field electromagnets are employed 
in dynamos; 2, 4, 6 or 8 poles may be used, each N. pole being 
placed between two S. poles, and the lines of induction crossMg 
from each N. pole through the iron armature to the S. poles at each 
side of it. An iron armature is employed to support the coils and 
is rotated between the pole pieces. The air gaps separating the 
armature from the pole pieces are made as small as possible owing 
to the low permeability of air and this is facilitated by fitting the 
insulated coils into slots cut in the armature. The magnetic circuit 
is completed by the lines returning to the N. pole through the iron 
yoke or outer frame carrying the pole pieces. The coils used to 



Fig. 176. The principle of 
a 2-pole senes wound dynamo. 



Fig. 176. The principle of 
a 2-pole shunt wound dynamo. 


magnetise the electromagnets are called field coils, and the d 3 mamo 
is said to be separately excited if the current employed is derived 
from outside sources, and self-excited if the current is taken from 
the dynamo itself. One method is to arrange for the same current 
to flow through the armature, field coils and external circuit, in 
which case the d 3 niamo is said to be series wound. A diagrammatic 
sketch is shown in Fig. 175 for a 2-pole dynamo, the number of 
turns being few and of stout wire or strip. 

Another method is to arrange that the armature current when 
it leaves the positive brush divides and part passes through the 
field coils and part through the external circuit. This machine is 
said to be shunt woimd, and a diagrammatic arrangement for a 2-pole 
machine is shown in Fig. 176. A large number of turns of fine wire 
are used to magnetise the electromagnets. It will be noticed that 
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part of the current is shunted through the field coils, and the field 
coils and external circuit are said to be in parallel. 

In Fig. 177 is shown diagrammatic 
cally a 2-pole compound dynamo in 
which the field coils are partly series and 
partly shunt wound. This gives to the 
machine some of the advantages which 
each type separately possesses, and the 
machine is said to be compound wound. 
It has already been shown that 
Power = volts x amperes. 

In a generator, the purpose of which 
is to maintain a steady e.m.f. in a 
circuit, the above power is obtained at 

dy^L\lhort^8ZS?"tyJe). expense of mechanical power which 

is supplied by a prime mover. 

Electrical efficiency. This is the ratio of the energy output at the 
generator terminals to the total electrical energy supplied. 

Let the resistance of the armature circuit between generator 
terminals be i?, the total e.m.f, generated be E volts, the current be 
I amp., the p.d. at the generator terminals be V volts. ' 

Then, from Ohm's law, the voltage equation for the generator is 
V — E - IE (see Fig, 178), where i? = + Eg. 

Multiplying by I, VI ^ El - PE, 



Here, VI is the power available for use in the external circuit, 
El is the total electrical power converted, and PE a is the heating 
or copper loss in the armature resistance. 


Now, 


or 


efficiency = 


output _VI _V 
input El E ’ 


VI V 

VI+PE V+IE 

E-IE 

E . 


( 1 ) 

( 2 ) 

( 3 ) 


From (2) and (3) it is clear that the smaller the armature circuit 
resistance the greater the electrical efficiency. 
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Separate and self-excited generators. As before mentioned, in 
separately ^cited generators the magnetising current for the field 
M indings is supplied from some external source. This may be a 
small exciting generator driven from the shaft of the main generator. 
In self excited generators, to which class the majority of direct 
c urrent machines belong, the exciting current for the field is sup¬ 
plied by the generator itself, in the following way. small perma¬ 
nent magnetisation exists in the magnetic circuit of the machine. 
When the armature revolves e.m.f.’s are generated, and when these 
are applied to the field winding they produce a small magnetising 
current which further increases the lines of force. This, in turn, 
results in an increase in the magnetising current with a further 
increase in the flux or lines of force. This building up action con¬ 
tinues until the e.m.f. generated is just su fficie nt to maintain a 
magnetising current capable of producing the liecessary magnetic 
field. In this way the electrical and magnetic circuits become stable. 

Self-excited generators, series field windings. In this type the 
magnetising current is the same as the load current because the field 
M indings are connected in series 

(Fig. 178), with the armature JL/^ 


and external circuit. The voltage t ^ 

ckdracteristicd are important be- ^ 

cause they show the way in ^.•- 

.liicb the lMde.rmin.1 voltage JSi * ““ 

1 varies with the load current. 

It has been sho\^Ti (p. 337) that the e.m.f. generated in a con- 
ductor cutting through a magnetic field is Hlv or <f>x 10~*/t volts 
per conductor. 

The armature winding of a generator consists of a number of 
conductors connected in such a way that the e.m.f.’s generated in 
^ach conductor or arrangement of conductors are additive. 

In the above expression, 

the total flux, is proportional to the flux per pole, 

Ijt is proportional to l/(time for 1 rev.) which in turn is pro¬ 
portional to the speed of the armature in rev. per min, 
the generated e.m.f., for any generator can thus be 
written, E where JT is a constant. 
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The series field winding for a generator is not used alone to-day, 
but it is necessary to consider the voltage characterises for this 
type of winding when the flux ^ is proportional to ^e exciting 
current as this occurs for smaller values of /, or, in symbols, ^ 
where -fii' is a constant. Now in a series generator I is the load 
current as well as the field current, so that (f> increases with the load 
current. 

Thus E ^K(K'I)N or Cl if 6*= the constants KK'N, 

The terminal voltage F=£-/(i?o+-Ra), where is the field 
resistance. 

/. so that F is proportional to I, since T, 

and jRg are all constant for a given generator and set of con¬ 
ditions. 

If the graph V v, I is plotted a straight line graph through the 
origin will be obtained (see Fig. 182). 

The shunt generator. In this type the field windings, Fig. 170, 
are connected in parallel with or shunted across the armature 

Field R winding. 

_ Tho field w^uiding consists of a large 

number of turns, so that the field cur- 
T s Field necessary to produce the required^ 

3 Resistance ampere turns need only be a very small 
I percentage of the load current. 

I ^ S Now 

' so that, if ^ and N are constant, the 

I *. ^ decrease in the terminal voltage F is 

Fig. 179. Connections for a equal to the resistance drop or voltage 
shunt generator. j 

® drop due to the resistance of the arma¬ 

ture circuit. In modem machines the armature resistance drop is 
small in comparison with E, Therefore under the above conditions 
the terminal voltage will only fall by a small amount proportional 
to the armature current /«. The latter =1+1 f (Fig. 179), but 
since If, the field current, is small, / may be taken as being equal 
to A. . ^ 

However, the decrease in F (Fig. 180) will exceed laEa because 
a decrease in F reduces the field current If and consequently the 
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flux but in any case the decrease can only be small. In practice, 
the decrea|© in F, due to lafia to <f>, may be compensated 
for,* by adjusting the field resistance so as to increase the field 


Shunt 



Fio. J80. Shunt voltage Fio. 181. Connections for 

characteristic. a compound generator. 


current, and thus to make up for the voltage drop or decrease 
of F. 


Con^und generator. In this type of generator a small seriea 
field (Fig. 181) is used in addition to the shunt field. This series 


winding increases the flux on load, 
when the current I increases, to 
balance the drop due to armature 
resistance. In this type of gener¬ 
ator a suitable value for the series 
excitation will maintain the terminal 
voltage constant at all loads. This 
is known as a level compound gen¬ 
erator, Fig. 182. When generators 
of this type are supplying power 
through long transmission lines, they 
are lometimes over-compounded to 
compensate for the voltage drop 



Currmt / 

Fig. 182. Characteristics of 
generators. 


in the line. The voltage characteristic is then a rising one. 
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laectrical effldency for fhe types of generator. 

VI V 

OP Yrm- 

8«pto. Efidenoy-.;P^-.jP^-yX_, 

since the resistance R is measured across the generator terminals 
And -R = + JB,. 

Shunt. If Rf is the resistance of the field winding and regulator, 
or field resistance, the electrical loss in the field == VIf - V^jRf. 
Armature current =/o =/ +//. 

VI 

Efficiency = pr (/+ 

VI 

laiy+W 

VI 

Comp<n»d. 

VI 

-I^(V+hRa)+i*R',' 

or, since R, is small and /„ =/ very nearly, 

VI 


Example 1. In a aeriea-wound dynamo the p,d. at the temiinala is 
120 rxiUa, The resistance of the armature and field coils is 0*4 and 0-6 ohm 
respectively. Find the e,m,f. and total resistance of the dynamo and 
waits loss in ihsdyrmrm. Hence d^rmine its electrical efficiency. External 
resistance =^\2 ohms. 


Total internal resistance -R =0-4 + 0*6 =1 ohm. 

Current in external resistance = W = 10 amp. 

e.m.f. of dynamo =p.d. +/R = 120 +10 x 1 =130 vote. 
Watts loss in dynamo =RJ =/*R = 10* x 1 =100. 


„ „ external circuit = 120 x 10 = 1200. 

Total watts generated = 1300. 


Electrical efficiency 


watts in external circuit 
~ watts generated 
=92*3%. 


1200 

1300 
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Note. —^This does not include frictional losses of bearings or magnetio 
losses in tb^ armature iron. 

The efficiency can also be obtained by the use of the formtila, 

120 ' 

”120+10(0*4 + 0*6) 

= 92*3%. 


Ezami^ 2. In a shunt-wound dynamo the pd, between the terminals 
is 200 voUSy the external current 120 amp.^ and the resistances of the 
armature and field coils are respectively 0*05 and 40 ohms. Calculate the 
current flowing in the field and armature circuits^ the watts loss in the 
dynamo and its electrical efficiency, 

E 200 

Current in field circuit =5 amp. 


Armature current = 120 + 6 = 125 amp. 

Watts loss in armature coils —El = 125* x 0 05 =781'L 

E* 200* 

„ „ field coils =E/=^ = ^ =1000. 

Jti 4U 


Watts in external circuit 
Total watts generatetl 

Electrical efficiency 


=E/ = 120x200 = 24,000. 


= 25,781. 


25,781 


=93*2^i. 


Watts loss in dynamo =1781. 

Alternatively, by formula. Efficiency = - - J z - ■ ■ ■ ■■ — 

200x 120 

”200(125) +(126)* X 0*06 
= 0*932 or 93*2%. 


Example 3. A small storage battery^ which has an average e,m.f, of 
6*5 volts and a resistance of 0*02 ohms whilst charging^ is connected in series 
with a suitable resistance across 110 volt mains. The battery is charged at ah 
average rate of 4 amp, for 16 hours. Determine (a) the value of the series 
resistanccy (b) the cost of charging the battery at id, per kWh,^ (c) the percent¬ 
age of the energy taken from the mains which is toasted in series resistance^ 

Average e.m.f. producing current in circuit = 110-6*6 = 103*6 volts* 
Let X be magnitude of variable resistance in ohms, then 
total resistance of circuit =:r + 0*02. 
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From Ohm slaw. ^=1 4=^-^, 

4x + 0 08 = 103*5 or x =25*854 ohms. 

_ _ . EI?l 4x110x15 a a 1 -1 4 . 4 . u 

Input during 15 hours =T 7 ^ =- Tf^ -=6*6 kilowatt hours. 


Cost = 4 x6*6=26*4d. 

Heat loss in resistance —l^R = 4 * x 25*854 = 413*68 watts. 


Percentage loss 


heat loss x 100 _ 41,368 _^ao/ 
watts supplied 440 ° 


This method of charging accumulators is extremely wasteful, and can 
only be countenanced on the grounds of simplicity and convenience. 


Example 4. A compound wound dynamo gii^ea a current of 120 amj), 
< 2 t a terminal p.d. of 230. Find the efficiency if the field current is 6 amp.i 
armature resistance 0*09 ohms and the series resistance 0*04 ohms. 


Armature current = 120 + 6 = 126 amp. = J^. 

Watts loss in field = 230 x 6 = 1380 watts. 

Watts loss in armature 126® x 0*09 

= 1429 watts. 


Watts loss in series 
Total loss 

Efficiency 


= i®i?, = 120® X 0 04 = 576 watts. 
= 3385 watts. 

_ watts generated 
watts generated + loss 
230x 120 27,600 

230 x 120 + 3385 “ 30,985 
= 89*06«o. 


By formula. Efficiency = ■ - —r- 7 ;- 

27,600 

““ 126(230 ■¥ 126 X 0*04 + 126 x 0*09) 
27,600 

“■126x246*38 


= 88 * 9^0 approx. 


Conversion of electrical to mechanical energy. This conversion is 
accomplished by employing an electric motor. In construction a 
motor is exactly like a dynamo but works in the reverse way, 
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current being supplied to the coils on the armature, which is set 
rotating and is then capable of doing mechanical work. The prin¬ 


ciple involved is shown in Fig. 183j 
a current downwards; this current 
sets up a magnetic field which, in 
conjunction with that of the mag- 



PiG. 183. The motor principle. 


where a conductor is conveying 



Fig. 184. Fleming’s left hand rule. 


nets, forms the resultant field shown in the diagram. The lines of 
force tend to straighten out, and in so doing set the conductor 
moving upwards. No motion will take place if the magnetic lines 
of force are parallel to the con¬ 
ductor. The force acting on the 
conductor will be a maximum 

hen the axis of the conductor 
and the lines of force are at 
right angles. In any problem 
Mhere the direction of motion ' 
is to 1)0 determined, Fleming’s ' 
left hand rule (Fig. 184) is very % 
useful. If the Forffingcr repre- ? 
fiffits the direction of the magnetic 
field and the mUdU finger the 186. The principle of the motor. 

direction of the current /, then the thuMb tvill indicate the direction 
of motion or tendency for motion. 

This rule may be applied to a single rectangular coil AB, the pass¬ 
age of a current producing clockwise rotation in a magnetic field 
(Fig. 185). Fixed metal brushes E and F feed the current through tilie 




H50 


ENGINEERING SCIENCE 


halves C and D of the split ring or commutator to the coil, in such a 
way that it flows alternately in opposite directions in each half of 
the coil, so that the tendency to rotate is continuously clockwise. 
The torque acting on the coil is a maximum when the coil is hori¬ 
zontal and zero when it is vertical, and a more uniform torque is 
obtained by providing a large number of coils wound on the same 
axle or armature. By shaping the polo pieces and making the 
armature of sheets or laminations of soft iron the magnetic flux is 
increased, because iron is substituted for air and the reluctance 
therefore decreased. As the number of coils increase so must the 
number of segments on the commutator, so that each coil may be 
fed with current going in the required direction. 


Example 1. It is required to raise 18,000 gallons of water per hour from 
a mine 1000 ft, below the surface. The combined efficiency of pump and 
direct current (D,C,) motor is 60%. If 12% of the input is lost in pipe 
friction, find the current necessary if 500 voUs is maintained at the motor 
terminals. 


Work to be done = 


18,000 X 1000 X 10 
60 


ft. lb. per min. 


3,000,000 

33,000 


X 746 watts. 


T X 746,000 100 100 

Input for motor ~— r-j — x —- x = 128*44 kW. 

11 OO oo 


current = 


128,440 
" 500 


: 256*8 amp. 


Back e.mi. of a motor. Since the conductors of a motor arc 

cutting lines of force, an e.m.f. is set up which tends to drive a 

current in the reverse direction to the current supplied to drive the 
motor. This e.m.f., which tends to reduce the current in the 

armature, is known as the back e.m.f., or s. It is obviously 

dependent upon the motor speed, and is very small when a 
motor starts. In these circumstances the resultant e.m.f. applied, 
namely JE-e, is very great, and a large arid damaging current 
would flow through the armature and ruin the insulation and any 
soldered joints. Hence the necessity for employing some form of 
starting resistance in series with the motor. As the motor start¬ 
ing handle is turned, the coils of this starting resistance may be cut 
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out one at a time, so that the current may be kept within reasonable 
limits until e grows with gathering speed. 

In the case of a shunt generator the voltage and power equations 
are respectively, 

V-E - IJRa and VI-El - la^Ra (approx.). 


Let the generator be connected to a supply the voltage of which 
is maintained by other generators. Assume V to rise until it has a 
value E. In this case la^a / =0. Any further rise in the 

value of V will cause a current to flow’ in the opposite direction to 
that when the machine is acting as generator. 

The voltage equation then becomes, 


From the principles explained with electromagnetism it should 
be clearly understood that the reversed current will maintain the 
same direction of rotation in the armature. 

Multiplying through by /, the power equation becomes 

VI ^El + la^Ra (approx). ^ 

Of these quantities la^Ra is th© copper loss in the armature, and 
El the electrical power equivalent of mechanical power. Of the 
latter, part is lost in friction, but the bulk is available for use at the 
motor shaft. E in this case is the back e.m.f. and is replaced by 
the symbol e. 

Speed-load characteristics of motors. These may be deduced 
from the voltage equation V = e 

As explained in the section on generators, the expression K<f>N 
may be substituted for c, and then, 


and 


V^K<f>N-^hR, 
V -1„R^ 


N 


Kif, 


Thus the speed N r.p.m. is inversely proportional to the total 
flux (f>, while the change in speed is directly proportional to 
Since I^^R^ is only a small percentage of the value of F in modem 
machines, its effect may be neglected. 


1 
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Series motor. Assuming that the total flux varies as / the load 

current, then N varies as Consequently the speed charac* 

teristic or the N v, I graph will be a rectangular hyperbola. In 
actual motors ^ is not proportional to I over the whole range of load 
currents, but the general shape of characteristic is the same. 

This t 3 q)e of machine is suitable for heavy maintained loads as in 
traction. Series motors should never be run on light load as the 
speed becomes excessive, and they should always start on load. In 
the section on electro-magnetism it was shown (p. 328) that the 
force acting on a conductor in a magnetic field was proportional, 
for a given displacement, to ^7, but ^ itself is proportional to 
7, hence the starting pull will be proportional to 7*. Thus 
series motors have good starting qualities and can be started 
under load. 

Shunt motor. In this type of motor the flux <f> is independent 
of 7 and only depends on F. On this account a shunt machine is 
practically a constant speed machine, the actual required speed 
being arranged by adjusting the field resistance J?,. 

The speed characteristic, or v. 7 graph, is a straight line, the 
speed decreasing slightly with increasing load and current. The 
speed increases with increasing field resistance. 

At constant terminal voltage, N varies as Ij<f>, the flux Mill 
increase with the field current and as the latter varies inversely, as 
the field resistance, then, 

N increases Mith Bf, the field resistance. 

Also, since the pull at starting varies as <I>I and <f> is constant. 

/. the starting pull varies as 7. 

Since a heavy starting load will need a heavy starting current, 
shunt machines should never be started at\ load. 

Compound motor. This is a combination of the series and shunt 
types of machines. By virtue of the series windings this motor 
possesses good starting properties and is capable of dealing M'ith 
heavy loads, especially of the intermittent type. The compound 
motor can also be run on light load, due to the possession of shunt 
Mjinding, because racing is prevented at low loads. Motors of the 
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compound type are used when sudden loads are thrown on the 
motor as in rolling mills, etc. The actual speed characteristic de¬ 
pends upon the ratio of series to 
shunt windings (see Fig, 186). . . 

Example 1. A 30 shunt- . 

wound nu>ior receiving a constant e,m,f. 
of 200 wits at its terminals has an ^ 

annature resistance of 0^052 ohm. The *=1 \ _ 

armature and field currents are 120 
and 4-4 amp,, and the loss in the field 

coils is 880 imtts. Calculate the back - -_ 

e.nuf. and the electrical, commercial 

and mechan ical efficiencies of the motor, j Current 


ana mecnan icai ejfictenches oj me motor, j Current 

e =back o.m.f. Fio. 186. Speed characteristics 

- 200 - 120 X 0 052 = 193-76 vote. 

Watts in armature tending to produce rotation 
= 120 X 193-76 =23,251*2 watts. 

Note that some of this power would be spent in overcoming armature 
iron losses and friction of bearings, etc. 

Total current supplied = 124-4 amp. 

Total watts supplied 

—El = 124-4 X 200 = 24,880 watts = electrical input. 
23 251 

Eleftrif*! efficiency =93-44%. 

a#TryOO\/ 

^ . brake output 30 x 746 „ 

Commercial efhciency =-;-=89-9%. 

electrical input 24,880 

, /V. . commercial efticiency 

Mechanical efficiency =—z -:—^- - 

elei-trical efficiency 

—-=96-25®... 

no..4 4 


Elec-trical efficiency 
Commercial efficiency 
Mechanical efficiency 


Example 2. A shunt motor with supply wltage at 240 wits fakes a full 
load armature current of 74 amp. The resistance of the armature when cold 
is 0-08 ohm. The supply company specify that the initial motor current 
shall not exceed 1-6 times the full load current. What resistance must bo 
placed in series unth the artnature on starting the motor? 

1*5 times full load current = 1-5 x 74 or 111 amp. 

On starting, the generated back e.m.f. is zero, and V = fa^a* 

V 240 

Now V = 240 volts, /^ = 111 amp. ~ ij-. -2-16 ohms. 

* a ^ * 
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2*16 ohms is the total annature resistance required, and taking into 
account the armature resistance 

series resistance required = 2*16 - 0*08 = 2*08 ohms. 

The resistance of the armature, 0-08 ohm, is very small in comparison 
with the 216 ohms and in practice is neglected. 


Example 3. In the case of the motor of Example 2, the normal full load 
speed is 950 r.p.m. It is required to reduce this to 500 r,p,m. while the 
motor is to exert the satne torque. Determine the resistance required in the 
armature. 

Back e.m.f. at 950 r.p.m. = F - laf^a 

= 240 - 74 X 0 08 = 234 volts. 

At 500 r.p.m., since the back e.m.f. is proportional to the speed, this 
500 

will be reduced to — x 234 or 123 volts, i.e. a drop of 234 ~ 123 --111 

,. 950 

volts. 

This voltage must be absorbed by the extra resistance placed in the 
armature circuit. 

By Ohm’s law, R ~ = 1*5 ohms. 

Note.—T his method of speed reduction is very wasteful of energ}% 
which is dissipated in heat in the resistance, and is a total loss. 

Loss-=/*i^ = 742x 1*5 = 8214 watts. 


Percentage* lo^s on input = ) 

240 A 74 


Example 4. In the case of the motor of E.vample 2, the normal full load 
speed is 950 r.p.m. It is required to reduce this speed to 500 r.p.m. u*hile 
the output of the motor is to be maintained constant. Determine the resist^ 
ance required in the armature circuit. 

As in Example 3, the bai‘k e.m.f. at 950 r.p.m. - 234 volts. 

500 

At 500 r.p.m. this will be rcductnl to x 234 or 123 volts, i.e. tho 
same drop is required as before. 

Output at 950 r.p.m. = output at 500 r.p.m., 

or 74 X 234= 123 x now value of current I. 


i = 74 X 234-123= 140*8 amp. 


Resistance required in armature = 


voltage drop 
current 


i 


~iiL 

140*8 


= 0*79 ohm. 
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Tovce between parallel ocmducton. Let two conductors A and B 
be very long and r cm. apart. Suppose currents are flowing in 
opposite directions along the conductors so that the force acting 
between them is one of repulsion. 

It has been shown that the field strength at a radial distance 
r from the centre of a long conductor is 



2 /' 

/. the conductor B, say, will be in a field of strength —, due to A, 
when the latter carries a current of F absolute units. 


The force per unit length (from the relation HFl) 

r 




dynes. 


Thus the force increases as the square of the current. 
The force on a pair of conductors for a length I cm. 


2(F) H 

r 


dynes. 


The above has an important application in the design of electrical 
machines. When conductors are placed close together as in the 
winding of machines, r is very small, and as the force increases as 
the square of the current, very high stresses may be set up w hen very 
heavy or abnormal currents flow. Such currents occur in short 
circuits. For this reason, in large machines the windings are clamjied 
to prevent displacement. 


EXERCISES ON CHAPTER VIII 

Generation of an e.m.f and generators. 

1. Explain briefly the method of generating an e.m.f. in a conductor 
by mechanical means. 

2. Explain Fleming's Right Hand Rule. 

Sliow that the e.m f. generated or induced in a conductor depends 
upon the rate of cutting of the lines of force. 

3. State Lena’s law and describe a simple experiment wrhich demon¬ 
strates it. 

4. Explain briefly the principle of the dynamo, and sketch the 
magnetic circuit for a 4-pole machine. 
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5. Explain the essential differences between the shunt and series 
wound dynamos. What is a compound wound dynamo 1 

6. Determine the electrical and commercial efHciencies of a series 
dynamo from the following results of a test: 

Resistance of dynamo, 0*06 ohm; p.d, at terminals, 110 volts; 
current in external circuit, 122 amp.; power supplied, 21 H.P. 

7. An internal combustion engine of lOJ I.H.P. is used to drive a 
dynamo which maintains a p.d. of 110 volts at its terminals when the 
current generated is 39 amp. If the mechanical efficiency of the engine 
is 75%, determine the commercial efficiency of the dynamo. 

8. Find the commercial efficiency of a dynamo when driven by a 
100 B.H.P. engine if the dynamo sends a current of 24 amp. through 
an external circuit of resistance 105 ohms. 

9. If the commercial efficiency of a dynamo is 78determine the 
B.H.P. required for a prime mover to drive the dynamo and maintain 
an output of 70 kW. in the external circuit. 

10. The field winding resistance of a motor-car dynamo is 12*5 ohms 
at 20° C. and 16*33 ohms at 100° C. 

Calculate the temperature coefficient of the winding. What will the 
resistance of the winding be at 0° C. 

11. Calculate the rise in temperature of a shunt field winding with 
copper wire if the resistance increases 18% on load. Take the. tempera- 
ture^^oefficient of copper as 0*4% per cm. degree. 

12. Calculate the watts loss in the generator and the electrical 
efficiency of a shunt woimd dynamo from the following data : 

Current in external circuit, 125 amp. ; p.d. across terminals, 205 
volts ; resistance of armature and field coils, 0*06 and 38 ohms n^pec- 
tively. 

13. Determine the efficiency of a compoimd wound dynamo from 
the data given below : 

Current in external circuit, 100 amp. ; p.d. across terminals, 200 
volts ; field current, 5 amp. ; armature resistance, 0*07 ohm ; serie.s 
resistance, 0 04 ohms. 

14. The output of a shunt dynamo is 15 kW., and the terminal p.d. 
is 110 volts. The field and aimature resistances are respectively 80 
ohms and 0*05 ohm. Calculate the armature and fi»dd currents, the watts 
loas in the dynamo and the electrical efficiency, 

15. Explain briefly the methods employed in separate and self-excited 
generators to build up the necessary magnetic fiuj:. 

16. By means of line diagrams show how the ^'^arious essential parts 
of series wound, shunt wound and compound wound dynamos are 
linked together. 
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17. With the aid of diagrams show the nature of the voltage*load 
current characteristics for the three main types of dynamo. What are 
the meanings of the terms, Uvd compound generator and over-compounded 
generator? 

18. A pump raises 2000 gallons of water to a height of 300 ft. in a 
pumping time of IJ min. Find the B.H.P. of a motor driving the 
pump, and the current taken on 440 volt supply. 

19. Calculate the cost of working per day of 8 hours a motor taking 
25 amperes on a 230 volt supply if the motor has an efficiency of 90^o 
and the price of power per unit is Id. 

20. A motor drives a pulley 3 ft. diameter at 300 r.p.m. The difference 
in tensions on the belt is 220 lb. and the motor efficiency is 90%. Find 
the cost of running for 8 hours at IJd. per unit and the current taken 
at 400 volts. 

21. A motor driven centrifugal pump is used to hi 1 a storage tank for 
a mill. The pump is 8 ft. above the level of a river while the storage tank 
is 30 ft. above the level of the pump. Calculate the H.P. of the motor 
if its efficiency is 80%, the delivery is to be 2600 gallons per minute and 
the combined efficiency of pump and pipe line 70%. 

22. A 28 B.H.P. shimt wound motor supplied with a constant p.d. 
of 240 volts across its terminals has an armature resistance of 0*06 ohm. 
The field and armature currents are respectively 2-5 £unp. and 100 amp. 

Calculate (a) the back e.m.f., 

(6) the electrical, mechanical and commercial efficiencies. 

23. An ore hoist for a steel works has a capacity of 2J tons and a 
counter weight is used to balance the weight of the lift and half the 
capacity. Assuming an efficiency of 50% for the gears and motor, and 
a lifting speed of 240 ft, per min., determine the nece-ssary B.H.P. of the 
motor. 

24. A shimt motor with supply voltage at 240 volts takes a full load 
armature current of 84 amp. while the armature resistance when cold 
is 0*075 ohm. The normal full load speed is 1060 r.p.m. Assuming a 
starting current 1*6 times the full load current, calculate 

{a) the series resistance with the armature required on starting, 

(6) the back e.m.f. of the motor. 

25. In the motor of Question 24, the speed is to be reduced to 600 
r.p.m. Calculate the additional armatiue resistance required if, 

(а) the same torque is to be exerted, and 

(б) the same output is required. 

26. A series motor is supplied with 120 amp. at a p.d. of 110 volts. 
If the electrical (efficiency of the motor is 90% and the watts loss is 
380 watts, calculate the back e.m.f, of the motor, its B.H.P. and its 
commercial efficiency. 
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27. What do you understand by the term, Ixick ? 

Determine the back e.m.f. of a series motor when the speed is such 

that a current of 50 amp. is supplied at a constant p.d. of 110 volts. 
Armature resistance 0*12 ohm. 

28. The following observations were recorded in the case of a tramcar 
motor; 

Current supply, 74 amp. ; constant p.d. at terminals, 500 volts ; 
car speed, 12 m.p.h. ; B.H.P. of motor, 42 ; car wheels, 33 in. in dia¬ 
meter ; gear ratio, 4-2 : 1. 

Calculate (a) the armature speed in r.p.m., 

(6) the tractive effort at the tramcar wheels, 

(c) the overall efficiency of motor and gears. 

29. Explain the relative merits and demerits of series wound, shunt 
wound and compound wound motors and show on a graph their spc»ed- 
load characteristics. 


CHAPTER IX 

ELECTRICAL MEASURING INSTRUMENTS 

The principles dealt with in the preceding chapters have further 
application in the design of instruments for the direct measurement 
of current, pressure and energy. The scales of standard instruments 
are marked or calibrated in the units and subdivisions according to 
the rigid standard set up in the practical definition of those units. 
These standard instruments can be periodically checked at* the 
National Physical Laboratory at Teddington, and used in the calibra¬ 
tion of instruments made for experimental and commercial work. 

Instruments employed to detect qualitative features, but not 
quantitative, such as-charges of electricity, or the presence of an 
electric current, have usually the suffix scope, as for example, 
electroscope, galvanoscoj^e. The suffix meter is given to the names 
of instruments employed in the mcxisurement of quantity or size of 
currents or potential differences, as for example, galvanometers, 
ammeters, voltmeters. Most of these meters indicate their readings 
by a pointer or beam of light moving over a calibrated scale, the 
motion being produced by the forces set up by the pressure or current 
to be measured. This motion is controlled by a variable force resist- 
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ing the action of the pressure or current until a position of equi¬ 
librium is obtained. A control is necessary to make the exciting 
force measurable and to make a larger pressure or current give a 
larger deflection on the instrument scale. The controlling force or 
control may be effected by gravity, a spring, torsion of a wire, the 
earth’s magnetic field, or some artificial and known magnetic fieki. 
It is very necessary for this position of equilibrium to be reached 
quickly, without violent oscillations, and a damping device is 
usually introduced to achieve this object. An instrument which 
soon reaches the equilibrium position is said to be deadbeat, or a 
deadbeat type of instrument. 

The main features of the principal types of measuring instniments 
"vvill now be disciHscd. (ialvanometers are employed for measuring 
sm ill currents and pressures, while larger quantities can be measured 
with ammeters and voltmeters respectively. These instruments 
may lie cl.issified under the headings of moving coil and moving iron 
instruments. In the first tv'pe, a coil carrying the current to be 
measured is deflected in the field of a permanent magnet; and in 
the second typf^ a temporary 
soft iron magnet is deflected in 
the field of a fixed coil which car¬ 
ries the current to lie measun^d. 

The tangent galvanometer. 

This instrunnmt possesses a small 
moving magnet 8us]x^nded at 
the centre of a circular coil o€ 
large radius having one or more 
turns. The current to be mea¬ 
sured flows through the coil and 
sets up a uniform magnetic field 
in the neighbourhood of the 
magnet, which is small in com¬ 
parison with the f*oil. Fig. 187 
shows a form of tangent gal- 
vanoy^eter made by Messrs. Philip H6UTis & Co., Ltd. It is pro¬ 
vided with a mahogany base and levelling screws, this base support¬ 
ing a split brass ring insulated from the base by ebonite. This brass 



Fio. 187. Tangent galvanometer. 
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ring acts as a low resistance coil (0*02 ohm), and it is Connected to 
two of the terminals shoAvn. A coil of higher resistance (0*2 ohm) 
may be used instead, and this consists of 10 turns of double silk- 
covered wire (No. 22) wound on the brass ring and connected to the 
high resistance terminals. The needle is provided with an agate centre, 
which is supported on a pointed steel spindle to lessen friction. A 
pointer fixed at right angles to the magnet moves over a scale gradu¬ 
ated in degrees, and this pointer is made of aluminium and designed 
to make the instrument deadbeat, air friction providing the damp¬ 
ing effect. The glass shade keeps the coils, needle and dial free from 
dust, and prevents the readings being affected by air currents. 

When using this instrument it is important that the plane of the 

coil shall be parallel to the earth’s magnetic field, so that when no 

current is flowing the needle will lie in 

the magnetic meridian with its axis in 

the plane of the coil. When the current 

/' flows, the magnetic force due to it 

will act at right angles to the magnetic 

N. and S. axis, and therefore at right 

angles to the earth’s field, and the 

forces acting on the poles of the magnet 

will be as shown in Fig. 188, if is 

measured in absolute units. 

Assuming the magnet is of unit 

length and pole strength m, the forqe, 

due to the current acting on the 

. 27ml'm . 

poles IS - - —, wnere r cm. is the 

mean radius of the n coils. Then if the 
deflection is Q degrees, the couple due to earth’s field of strength 
H « couple due to the magnetic effect of the current. 



_ 2vnl 


Fig. 188. Forces acting for 
tangent galvanometer. 


HmBind- ^ cos 0, and since tan»0 




sin 0 

OOB0 


*=jfctantf. 
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k is called the constant or reduction factor of the galvanometer. H is 
the horizontal component of the earth’s field, and is measured in 

gauss or lines per sq. cm. k = if the current is to be measured 

in amperes, and it can be calculated if H, r and n are known ; or it 
can be found by comparing the galvanometer reading with that of 
a standard instrument or an ammeter. When strong currents have 
to be measured the low resistance coil should be employed, and the 
high resistance coils for the weaker currents. 


Example 1. In an expt. to find the constant for a galvanometer 2*3 grams 
of copper were deposited on the cathode by electrolysis in 1 hour by a 
cnn*ent which gave an average galvanometer deflection of 41*2°. Given 
that a current of 1 amp, deposits 0*0003294 gram of copper per second^ 
find the constant of the galvanometer, 

I =strength of current - ggoo x 0 L)3294 = "“P’ 

Now i =ifctan41-2°; 

•• ^ tan 41-2 0-8754 

This example illustrates also the method of measuring the strength 
of a current by its electrolytic effect. 


Example 2. A tangent galvanometer gave a reading of 26° for a current 
of 0*6 amp, through one set of its coils. What is the constant for the 
gedvanometer for this set ? What would the current he for a reading of 63° ? 


Fn first case, 

In second case, 




0*6 


0*6 


- =1*23. 


tan 6 tan 26° 0*4877 
/ = A; tan 0 = 1 *23 X tafi 63° = 1 *23 x 1 *9626 


—2*414 amp. 


Example 3. Find the value of the constant for a tangent galvanometer 
if H==0-\S lines per sq, cm. and it has 10 coils of 0*028 in. diameter wire^ 
the ^nean diameter of the coils being 11*5 cm. What is the strength of the 
field at the centre of the coil if the current is 2 amp. ? 

10Hr_ 10x0*18x11*5 

27m 2 X TT X 10 X 2 

0*1647. Ana. when current is in amperes. 


TFie constant A: =- 


k =0*01647 when current is in C.G.S. units. 


Strength of field = 


27rTI 27rxl0x2 


lOr 


10 X 6*75 


=-1*862 gauss. 
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Suspended coil galvanometer. iPhese instruments, using a 



Fio. 189 (a). Coil and pole 
pieces of a suspended coil gal¬ 
vanometer. 


suspended coil instead of a sus¬ 
pended or pivoted magnet, are being 
increasingly favoured. In principle 
their action depends upon the in¬ 
fluence of a permanent magnet on 
the rectangular or circular coils of a 
conductor through which a current is 
flowing. The coil CC (Fig. 189 (a)) is 
hung by a fine phosphor bronze strip 
F, which serves to convey the current 
to the coil. A small mirror is usually 
fixed to the suspension F, so that a 
beam of light from an external lamp 
may be reflected upon a screen having 
a scale marked on it, the arrangement 


lending itself to accurate and sensitive measurement. Actually the 


image of a fine hair or scratch, on the lens of the projecting lantern, 






Fio. 189 (6). Suspended coil galvanometer* 
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is reflected and focu^sed on the screen. The magnetic field is radial 
between the curved pole pieces and the soft iron cylinder A (Fig. 
190), and when the current passes 
into the coil the latter is deflected 
and moves in the cylindrical space 
allowed for it. Control is effected 
hy the torsion of the strip F pro¬ 
ducing an opiiosing couple to that Fig. 190. Magnetic field of 
due to the magnetic effect of the galvanometer, 

current. The turning moment on the coil varies directly as the 
strength of the current, the number of turns in the coil and the 
intensity of the magnetic field in which the coil moves. The latter, 
owing to the field being radial and concentrated, is practically 
constant. Hence tlie current will be directly proportional to the 
deflection, and consequently the scale of the instrument will have 
equal duisions over a wide range. This instrument also has the 
advantage that it is not affected by the earth's field or by the 
])resence of magnets. Current leaves the coil through the loosely 
coiled strip G. When the coil is wound upon a metal spool or former, 
the eddy currents set up in the metal of the spool when it cuts the 
lines of force tend to opjxise motion, and make the instrument 
deadbeat. In some suspended coil galvanometers a pointer is also 
provided which moves over a calibrated scale. The complete 
instrument is shown in Fig. 189 (6). 

Ammeters or Ampere meters and voltmeters. Moving coil instru¬ 
ments. Moving coil ammeters and voltmeters are both designed on 
the same principles, namely, those of the suspended coil galva¬ 
nometer. The interaction between the magnetic fields due to the 
permanent magnet and the current causes a deflection of the coil, 
and in ammeters and voltmeters this deflection is usually resisted 
by the action of coil springs instead of the torsion of the suspension 
wire as with the galvanometer. By using coil springs as control, the 
instruments can be made more compact. The moving cml carries a 
comparatively long light j>ointer which moves over a graduated 
scale, enabling the magnitude of the current, or pressure, to be read 
directly in amperes or volts or in fractions of these. Moving cyil in¬ 
struments caimot be used for the measurement of altematSilg current. 
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The principal difference between ammeters and voltmeters of the 
t 3 rpe being described lies in the fact that ammeters must have a low 
resistance and voltmeters a high resistance. Since the current to 
be measured passes through the ammeter, a low resistance will not 
greatly reduce the value of the current in the circuit and the read¬ 
ing will be fairly accurate. On the other hand, a voltmeter, since it 
must be placed directly across the points where the potential dif¬ 
ference is required, must have a high resistance to prevent a large 
current flowing through the instrument, which would alter the 
whole nature of the circuit and make the voltage reading misleading. 
The ammeter coil is therefore made of a few turns of relatively large 
diameter and low resistance wire, while that of the voltmeter is 
made of a large number of turns of fine wire. In addition, a volt¬ 
meter has often a high resistance put in series with its moving coil, 
either within the instrument or connected externally with it. 

Large currents can always be measured as illustrated by the 
Example, p. 297, by placing a very low resistance in parallel with 
the ammeter, i.e. by using a shunt. Excessive heating should always 
be avoided in any measuring instrument since the resistance of an 
ammeter is low and that of a voltmeter high, and the ammeter is 
placed in series and the voltmeter in parallel with the portion of 
the circuit concerned, the risk of over-heating is decreased. 

Fig. 191 shows a unipivot milliammetcr one pole piece of which 
has been removed to show the nature of the suspension of the coil, 



Fig . 191. Unipivot milliammeter. 

which is of circular form. The coil is supported by a vertical steel 
apindle, having a fine pivot, resting upon an agate cup or jewel 
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bearing, situated in the centre of'the soft iron core or keeper. The 
latter serves to increase the retentivity of the permanent magnet, 
and provides a single, almost frictionless, support to all the moving 
parts of the instrument. A spiral spring concentric with the vertical 
spindle and situated just above the pointer serves as a control for 
the instrument and acts as a link in passing the current to the coil, 
the current leaving by the loosely coiled wire below the soft iron 
sphere. The pointer of the instrument is clamped to the vertical 
steel spindle, and the whole of the moving parts are so adjusted 
that their centre of gravity coincides with the position of support. 
If the weight of the moving coil can be taken off the pivot when 
the instrument is not in use, or is being moved, there is much less 
likelihood of damage being done to the pivot and bearing. The 
instrument can be made deadbeat by winding the coil on a 
metal former, as with the suspended coil galvanometer, when the 
eddy currents set up in the former act as a damping device on 
the coil. 


Moving iron instruments. These instruments can be used either 
as voltmeters or ammeters by adjustment of their resistances, and 


also for direct or alternating current cir¬ 
cuits. The control is effected by spring or 
by gravity, that of the instrument now 
to be described being by gravity. Fig. 
192 illustrates the skeleton arrangement 
of the instrument. Two soft iron rods, 
AB and GH, both parallel to the axis of 
the solenoid in which they are placed, 
become magnetised by induction w^hen 
a current passes through the solenoid. 
Whatever the direction of the current, 
the poles A and G will repel each other 
bec^ause they will always have the same 
polarity. In a similar way repulsion occurs 
between B and H, and the combined action 
at each end causes the rod AB to swing 



meter of the repulsion type. 


away and rotate about its axis CD, which turns in jewelled bearipgs. 
The movement produces a motion of the pointer DE over 
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graduated scale. The graduations on this scale are made by com¬ 
paring the readings of the instrument with those of a standard. 

Weight W provides the gravity control for this type of instrument, 
its initial position being such as to give zero reading with no current 
in the solenoid. When the weight is lifted more and more from its 
lowest position, due to increasing current and repulsion between 
the temporary soft iron magnets, the weight provides an increasing 
restoring moment, but not a uniformly increasing one. This means 
that a moving iron instrument has a scale which is non-uniform, the 
divisions being closer at the ends than in the centre. Damping is 
effected by a loosely fitting piston working in a cylinder containing air. 

Another form of moving iron instrument operates on the prin¬ 
ciple of induction and attraction. An oval-shaped piece of .-^oft iron 
pivoted eccentrically becomes more and more attracted and drawn 
towards a solenoid in which the current to be measured flows. The 
deflection is recorded by a pointer moving over a scale, control 
being effected by a spiral spring. 

No shunt is used for moving iron instruments, the curr(‘nt passing 
directly to> the solenoid, which consists of a few turns of thick wire 
for heavy currents and a large number of turns of fine wire for light 
currents. Care must be taken that the appropriate pair of terminals 
are selected. 

Instruments which may be used either as voltmeters or ammeters 
can be manufactured so that the same size of parts can be used for 
each instrument over a wide range of measurement, if provision is 
made for incorporating series and shunt resistances in the instru¬ 
ments themselves. A change of coil or solenoid and a change of 
scale will also quickly adapt an instrument to read voltages or 
currents as required. A selection of terminals can be fitte<l to enable 
the operator to use the instrument either as a voltmeter in parallel 
or as an ammeter in series. 

Hot wire ammeters and voltmeters. These instruments work on 
the principle that when a current passes along a wire, the tempera¬ 
ture of the wire rises and it lengthens. If the end.s are fixed, as for 
as possible the wire will sag. This sag is taken up by a fine wire 
or fibre attached to the centre of the heated wire. The fibre is passed 
round a pulley on the spindle carrying the pointer, and then fastened 
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to a stretched spring which keeps the fibre taut. As the hot wire 
sags the fibre is pulled forward and its motion cdmmunicated to the 
pulley and pointer. The pointer spindle is mounted in jewelled 
bearings, and as the moving fibre rotates the pulley fixed to the 
spindle, the pointer is made to move over a calibrated scale. In the 
case of the ammeter, a shunt is used to carry the main current to be 
measured, so that only a small portion flows along the wire to be 
heated. The hot wire ammeter can be used for measuring alter¬ 
nating current since the heating effect will be independent of the 
direction of flow ; the value obtained is the \artual current, that is, 
the direct current which has the same heating effect as the alter¬ 
nating current which is passing. 

The voltmeters are similar to the ammeters, except that the hot 
wire is made thinner and a resistance is put in series with this hot 
wire, instead of employing a shunt. [The instruments are made 
deadbeat by mounting upon the pointer spindle an aluminium disc, 
which, when the pointer is deflected, moves between the jyoles of a 
permanent magnet. * 

These instniments have the advantages that (a) heating effects 
do not cause reading errors, (h) 
the absence of moving iron and 
coils do not produce errors due 
to induction, (r) they can be 
used for either direct or alter¬ 
nating current, and (d) they are 
unaffected by external mag¬ 
netic fields or the effects of 
conductors. 

Their chief disadvantages lie 
in the fact that the wire may 
be easily fused by excess cur¬ 
rent, and there is a lag in obtaining the maximum reading, which 
in some instruments may make the energy absorbed appreciable. 

Expt. 55. 

Object. To show the principle of the hot wire arnmeter. 

Apparatus. Attached to a suitable back board (Fig. 193) are 
two terminals between which is tightly stretched a length of resist- 
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ance wire. From the mid-point B a cord is stretched and secured 
at C, and a further cord taken from a free loop at A and wound several 
times around the pulley D. To D is fastened a pointer indicating on 
a scale drawn upon the board. A light weight is fastened to the 
cord, which passes round the pulley D. 

Method op procedure. Pass a current from several dry cells 
through the resistance wire, when, due to heating and expansion, 
the point B will fall, thus causing a slackening of the cord BC, 
which is taken up at A, by the rotation of the pulley D. The pointer 
will register, on the scale, a deflection due to the passage of the 
current through the wire. Break the circuit and allow the wire to 
cool, when the pointer will be restored to its original position. 

Example 1. A voltmeter is connected in parallel with a resistance^ 
while an ammeter is connected so as to read the current passing in both. 
The voltmeter indicates 45 volts and the ammeter 6-5 amp. What is the 
ohmic value of the resistance ? 

E F 45 

By Ohm’s law, I = or E —— = ~- =6-923 ohms. 

El 0-5 

Example 2. The maximum reading of an ammeter is 5 amperes and its 
resistance is 0-03 ohms. What shunt would be necessary to allow the 
instrument to read up to 60 amperes ? 

If — is the fraction of the whole current passing through the instru- 

^ 15 1 

ment (see p. 297), and - =--r = 77* > then 
w 60 12 

resistance of shunt — — x resistance of instrument 
n-\ 

= —!!—- > 0 03 = 0 00273 ohms. 

12 — 1 

Example 3. Find the resistance to be added in series to the coil of an 
ammeter, which has a maximum reading of 20 milliamperes and a resist¬ 
ance of 7 ohms, to enable the instrument to record voltages up to 5(K). If 
with this cuided resistance the ammeter records 18 milliamperes, what is 
the value of the p.d. being measured. 

The maximum current —0*02 amp. 

„ ,, voltage—500. 

E 500 

. *. total resistance = -^ = = 25,000 ohms. 

= 25,000 - 7 =24,993 ohms. 


Resistance to be added 
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With this added resistance a reading of 20 milliamperes corresponds 
to 500 volts* Hence a reading of 18 corresponds to a voltage of of 
500 or 450 volts. 

Example 4. An anmieter and voltmeter are used to determine the 
internal resistance of a ccll^ and the voltmeter reading when the cell is on 
open circuit (i.e. no external circuit) is 1*65 volts. When an ammeter is 
connected in series with a resistance in the external circtdt the voltmeter 
reads 1 *2 volts and the ammeter 1-86 amperes, Fiful the internal resistance 
of the cell. What is the external resistance in ohms? Neglect the effects of 
the two instruments on the circuit. 

e.m.f. of cell = 1*65 volts = voltmeter reading when on open circuit. 

F 1 *65 

l^i = total resistance of circuit = — = -—^ =0*887 ohm. 

JL 1 *oD 

= —- =0-645 

/. = internal resistance of cell =0*24 ohm. 

The Grassot fluxmeter. This is an instrument (Fig. 194) specially 
designed for investigating the strength and nature of magnetic fields. 



Fio. 194. Grassot fluxmeter. 

The fluxmeter consists of a suspended coil galvanometer of the bal¬ 
listic type, that is, it is specially constructed to read currents of sEiort 
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duration. To attain this end the moving parts must be heavy and 
the damping as small as possible, while the control constant is also 
very small. The instrument thus possesses the property that the 
indications given by the pointer are determined solely by the total 
quantity of electricity discharged through the suspended coil, and 
are almost independent of the rate at which the discharge takes 
place. A search coil is provided for the instrument, and if it is con¬ 
nected to the terminals of the fluxmeter, any movement of this coil 
in a magnetic field which brings about a change in the number of 
magnetic lines of force linked with it will produce a deflection of 
the fluxmeter pointer. This deflection will be proportional to the 
charge induced, which is in turn proportional to the total change in 
the lines of force interlinked with the coil. The pointer will remain 
at the extreme limit of its deflection sufficiently long for a reading 
to be made. Since the rate of cutting the lines of force doe^ not 
affect the readings over a wide range, and the number which are 
cut does, the instrument fulfils admirably the purpose for which 
it is designed. The rate of cutting would be difficult to maintain 
constant, and it is fortunate that it has little effect on the results. 

Alternating currents. It is not j)ossible in the scope of this 
book to deal at any length with the alternating cuirent or A.C. 
circuit. At the same time, with the increasing and almost general 
use of A.C., it is desirable that some introductory work be discussed. 
It has been showm that a change in magnetic flux in link with a circuit 
is productive of an electromotive force in the circuit. This electro¬ 
motive force will have a magnitude depending on the rate of change 
of magnetic flux and it will tend to produce a reactionary current 

opposing this change of 
flux. Thus, if a con¬ 
ductor is permitted to 
revolve between two soft 
iron poles, the rate of 
change of flux will varj’^ 
Fio.195. Generation of an alternating current, according to the approach 

or recess of the coil from the poles (Fig. 195). In this way a variable 
e.m.f. is set up, varying between a positive maximum through zero 
to a negative maximum as the coil rotates. 
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It will be seen that this is a periodic change and the period or cycle 
is completed when the change from positive to the next condition of 
positive e.m.f. is made. 

Frequency is the name given to the number of these complete 
periods or cycles which occur in one second. An illustration of these 
terms may be taken from the diagram obtained from a Fletcher 
Trolley when the Trolley is moving with uniform velocity (Fig. 196), 



Fig. 196. Simple case of variation of an alternating e.m.f. 

in which AB or CD is the period or cycle; if the vibrator is 
moving at 5 oscillations per second the frequency is 5. It is a 
similar curve to this which show^ the e.m.f. against the period or 
time of a cycle for an A.C. current, and the vertical ordinate shows 
the e.m.f. generated at that point in the cycle. For example, e.m.f. 
at C - e and at F the e.m.f. -/ to the scale to w hich the drawing is 
made. It will be noticed that the e.m.f. at F is opposite to that at C, 
and is referred to as a negative e.m.f. Any generator of A.C. pro¬ 
duces a varying e.m.f. as shown, but a very high frequency is 
developed, so that over a period of time the crests C and D are very 
close together, and an impression of a continuous e.m.f. persists. 
The actual production of this curve from any machine can be 
obtained by the use of a cathode ray or moving coil type of oscillo¬ 
graph, and the development of this instniment has made it possible 
for an engineer to examine the performance of an A.C. machine at 
all stages in its cycle. The oscillograph has also been adapted to 
indicate the performance of high-speed I.C. engines, where the 
cylinder pressures may be recorded at all points in a rotation or 
period in the I.C. cycle. 

Except for the hot wire ammeter, the instruments covered in this 
chapter are unsuitable for the measurement of alternating currents. 
They can be converted to this use by the incorporation of a metal 
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or other rectifier which converts the A.C. to D.C. and allows the 
A.C. to be measured through its D.C. conversion. Thus the equi¬ 
valent direct current is measured in this type of instrument, a type 
which is achieving popularity. » 

The oscillograph. The oscillograph is an instrument which is 
coming into general use for a variety of purposes, particularly in 
the study of the instantaneous values of quantities that are 
varjdng continuously with time. The alternating current is an 
example of such a varying quantity and some typical oscillograph 
diagrams for an alternating current are shown in Fig. 197. These 




Fig. 197. Typical oscillograms. 

diagrams are known as oscillograms and it can be seen that the 
variation of e.m.f. with time is clearly shovn throughout the pycle 
or period. 

There are two types of oscillograph in general use, the Diiddell 
moving coil type and the cathode ray type, the latter of which is 
superseding the former even in low-frequency work. 

The Duddell oscillograph. The usual type of moving coil instru¬ 
ment cannot be used on alternating current, because vith each 
alternation of the current flowing through the coil its polarity and 
hence the rotating torque on the coil is reversed. In consequence the 
pointer remains stationary under the action of the rapidly reversing 
torque. If, however, the coil is made extremely light and the 
pointer replaced by a small mirror, so that the inertia of the moving 
parts is reduced to a minimum, then such a coil will osciUate to and 
fro with the reversals of current flowing through it, and the spot 
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of light thrown on to a screen by the reflecting mirror and a lamp 
will extend to a line the length of which will be proportional to the 
amplitude of the current flowing through the coil. Now if the screen 
on which the oscillating spot of light falls is given a steady motion 
at right angles to the line traced by the spot, this line would become 
a wavy curve similar to those shown in Fig. 197. 

Such a curve is called the wave form of the alternating current, 
because it is, in effect, a graph of current against time. From 
this graph the instantaneous value of the current in the coil 
at any particular time can be determined, and, if necessary, photo¬ 
graphed and measured. In actual practice the curve is obtained, 
not by moving a screen, but by projecting the spot of light on to a 
drum, carrying a number of plane mirrors on its circumference, and 
revolving at a uniform speed on an axis lying in the plane of the 
oscillating light beam from the moving coil. 

The cathode ray oscillograph. In this type the wave form is 
developed in a similar manner to the moving coil type, that is, by 
giving to a beam of light two motions at right angles, one having a 
uniform velocity and the other a vibrating motion supplied by the 
alternations of the A.C. being tested. Fig. 198 illustrates the opera¬ 



tion and construction of a cathode ray tube, which is the important 
part of this oscillograph. It consists of a number of electrodes con¬ 
tained in an evacuated glass tube. In Fig. 198 the cathode is heated 
by passing a current through it, upon which it emits electrons like 
the fliament of a radio valve. The electrons are attracted towards 
the anode, which is maintained at a high positive potential. Some 
of these electrons strike the anode and others go through the small 
hole that is pierced in the middle of the anode and proceed dbwn 
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the tube with a high velocity, going between two separate pairs of 
electrodes called the deflecting plates, to strike the ^iioresoent 
screen fitted to the large end of the tube. This beam of electrons is 
the cathode ray w hich provides the bright spot of light on the scTcen. 

If an alternating potential is applied to the vertical deflecting 
plates the beam of electrons will oscillate in a vertical plane, being 
alternately attracted and repelled from each electrode in turn, and 
the spot of light on the screen will extend to a vertical line. If, at 
the same time, the two horizontal defletiing plates are given a 
uniformly increasing potential difference, the vertically oscillating 
beam will be steadily moved horizontally and the trace of the end 
of the light beam w ill be the wave form of the alternating potential 
applied to the vertical deflecting plates. The potential difference be¬ 
tween the horizontal deflecting plates cannot be increased indefi¬ 
nitely, and, in practice, it is quickly returned to zero at regular 
intervals to repeat the process. If this is done sufficiently rapidly, 
and at the correct time, the result, to the eye, is an aj)parently 
continuous curve. 

The mechanism w hich arranges for the p.d. betw een the horizontal 
deflecting plates to rise steadily and rapidly fall to zero is called the 
time base. From this description it should be clear that the 
cathode ray oscillograph provides an instrument in which the 
mass of the moving parts is practically zero and thus it is possible' 
to deal with very high frequencies. It is this advantage which 
adapts the instrument to use in the field of television. 


EXERCISES ON CHAPTER IX 

1. Describe tw^o fonns of galvanometer, and explain clearly how the 
control of the neo<lle is effected in each case. 

2. Why is a tangent galvanometer reading not proportional to the 
current passing ? To whut is the current proportional ? 

3. How can a suspended coil galvanometer be converted to an 
ammeter. Explain carefully the hues on w^iich the scale w'ould have* 
to be graduated in order that this may be possible. 

4. A tangent galvanometer constant is 2-5 and a current of 1 amjiere 
prtKiuces a deflection of 45'^. Mark out on a 3-inch diameter circle the 
graduations for this galvanometer to act as an ammeter and mark the 
readings 0*75, 0*5 and 0*25 ampere. 
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5* Why is a moving coil instrument unsuited for the measurement 
of alternating current. Why are the graduations on a moving iron 
instrument at unequal distances ? 

6. Distinguish between the essential windings of a voltmeter and 
an ammeter, and the method of connection in a circuit. 

7. Explain the use of a shunt in order to vary the sensitiveness of a 
galvanometer. Calculate the ratio between the galvanometer current 
and the total current when a shunt of resistance ^ of that of the 
galvanometer is employed. 

8. * Describe a hot wire ammeter, and state clearly the principle on 
which it operates. 

9. Explain methods of adapting a moving coil galvanometer (a) for 

as a voltmeter, (b) for use as an ammeter to measure ctjjrents of 

widely different amoimts. 

10. Describe some form of instrument in which the pointer consists 
of a beam of light focussing or casting the image of a fine liair on a scale 
on a screen, and suggest some type of work for which this could be used. 

11. Calculate the constant of a tangent galvanometer which has 
5 turns of copper wire 20 cm. in mean diameter; the earth's field is 
018 dyne. 

12. Explain the meaning of the terms deadbeat and control as applied 
to electrical measuring instnunents. 

13. Find the strength of the current in amperes flowing through the 
galvanometer of Que^ion 11 if the pointer is deflected 57°. 

14. Summarise the principles employed in the construction of 
electrical measurhig instruments. 

15. Distinguish between moving coil and moving iron instruments, 
and describe the methods of control suitable for each type. 

16. A cell of o.m.f. 1*8 volts and internal resistance 0*4 ohm sends 
a current through a galvanometer having a constant of 0*27, and a 
variable resistance in series. Find the strength of the ciurent and the 
value of the resistance if the deflection of the galvanometer is 20°. 
Resistance of galvanometer = 3*6 ohms. 

17. Calculate the value of the constant for a tangent galvanometer 
having 1 turn of copper w'ire 30 cm. diameter, ff = 0* 18 line per sq. cm. 

18. The constant for a tangent galvanometer is 3*241. Find the 
value of the current in amperes for (a) 40° deflection, (6) 25° deflection. 
What will be the deflection for a current of 3*5 amperes ? 

19. A current of 1 ampere gives a galvanometer deflection of 20°. 
Find the current causing a deflection of 40°. 

20. A galvanometer is wound with 20 turns of wire, the coil being 
30 cm. in diameter. Find (o) the value of the constant for the galvano* 
meter. (6) the deflection for a current of 0*20 ampere. H =0*18 dyne* 
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21. Why, in general, should an ammeter have a very low resistance ? 

Describe, with sketches, some form of ammeter. (U.L.C.I,) 

22. To determine the resistance of a voltmeter it was connected 
across two terminals kept at a constant p.d. and registered 254 volts. 
When connected across the same terminals in series with a resistance of 
12,500 ohms it registered 129 volts. Estimate the voltmeter resistance. 

23. How could the B.H.P. of a prime mover be determined by using 
a suitable dynamo of known efficiency, external resistance and an 
ammeter and voltmeter? What is the use of the external resistance, 
and what becomes of the energy developed by the prime mover? 

24. What are the advantages and disadvantages of the hot-wire 
ammeter? What is a more suitable and more popular type of instru¬ 
ment for measuring alternating currents? 

25. Explain briefly the terms used and the method of generation of 
an alternating current. 

26. To what uses could an oscillograph bo put? Describe briefly one 
form of oscillograph. 

27. Describe briefly an instrument suitable for investigating the 
strength and nature of magnetic fields. 



MISCELLANEOUS EXERCISES 

SECTION A 

The abbreviations indicated in the brackets after each question are : 
(U.E.I.) for questions set for the Senior First Year National Certificate by 
the Union of Educational Institutions. 

(U.L.C.I.) for questions set for the Preparatory and Senior First Year National 
Certificate by the Union of Lancashire and Cheshire Institutes. 

HEAT AND HEAT ENGINES 

Thermometiy. 

1. What do you understand by heat and temperature? Sketch a 
Centigrade thermometer, and explain briefly how it is graduated. 

(U.L.C.T.) 

2. Sketch and describe an ordinary thermometer. Why is mercury 

a suitable liquid with which to fill a thermometer, and water not a 
suitable liquid? (U.L.C.I.) 

3. A faulty mercurial thermometer has a scale of equal divisions 

attached to it. On this scale the mercury stands at 3(f in melting ice 
and at 212° in steam from water boiling in an open vessel. What would 
be the temperature in degrees Centigrade when this thermomett'r 
reads 68° ? (U.E.I.) 

4. If a thermometer was without graduations, how would you 
proceed to graduate it with the Fahrenheit scale without comparison 
with any other thermometer? 

To change 1 lb. of water at 0° C. into steam at 206-1° C. requirc's 
672*08 Centigrade heat units. State the temperature of boiling and the 
number of heat units required in Fahrenheit units. (U.E.I.) 

6. Describe how you would obtain, by means of experiment, a 
curve to enable you to convert Fahrenheit to Centigrade readings for 
all temperatures from freezing to boiling point of water. State the 
apparatus required and describe how you would perform the experi¬ 
ment. (U.E.I.) 

6. A Fahrenheit thermometer is placed in melting ice and then in 
steam from water boiling in an open vessel. What would be the read¬ 
ings shown on the thermometer? What would be the readings if a 
Centigrade thermometer had been used? 

377 
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An accurate Fahrenheit thermometer registers 82® F., while a Centi* 
grade thermometer hanging beside it registers 28® C.; is this Centigrade 
reading correct? If not, what is the correction to be applied to the 
Centigrade reading? ’ (U.E.I.) 

7. The melting point of lead is 320® C.; express this temperature 

in degrees Fahrenlieit. The latent heat of steam at atmospheric 
pressure is 971 B.Th.U.; what is the equivalent in Centigrade heat 
imits? (U.E.I.) 

EfiESects of heat. 

8. A steel measuring tape is exactly 100 ft. long at a temperatine 
of 60® F. What would be its increase in length, in inches, at a tempera¬ 
ture of 80® F., if the coefficient of linear expansion of steel is O-OOOOOGl 
per degree Fahrenheit ? 

Would the true length of a line be more or less than the apparent 
length if measured with the above steel tape when its temperature was 
40® F.? (U.E.I.) 

9. Describe an experiment by which you would show that copper 
conducts heat better than steel. Sketch neatly the apparatus used. 

(U.E.I.) 

10. Describe carefully how the heat is transmitted from the hot 
gases of a fire to the water in a kettle. 

If the water were subjected to atmospheric pressure, what would be 
the boiling point in degrees Fahrenheit and in degrees Centigrade? 
What would be the effect on the boiling point if the pressure in the 
kettle was above atmospheric pressure? (U.E.I.) 

11. In an experiment to determine the coefficient of linear expansion 
of copper the expansion was measured by means of a micrometer 
placed at one end of the copper rod. 

The following figures were obtained : 

Initial length of rod - - - - - 20 in. 

Initial temperature of rod - - - . 16® C. 

Final temperature of rod - - - - 97® C. 

Initial reading of micrometer - - - 0*26 in. 

Final reading of micrometer - - - . 0*278 in. 

Determine the coefficient of linear expansion of copper. (U.E.I.) 

12. Define coefficient of linear expansion of a solid. A copper wire 

is 60 yards long in winter. How much longer will it be in summer if 
the change in temperature is 46® C. ? Coefficient of linear expansion of 
copper=0*000017. Give your answer in inches. (U.L.C.I.) 

18. Describe any experiment you have conducted, or have seen 
conducted, to show the effect of heating a solid bo^y. Sketch neatly 
the apparatus used and state what you deduce from the experiment. 

(U.E.I.) 
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14* In an experiment it was found that a copper rod 20 in. long 
increased in len^h by 0*028 in. when its temperature was raised 80° C. 
What would be the change in length of a straight copper steam pipe 
100 ft. long at 16° C. if its temperature is raised over the whole length 
from 16° C. to 200° C.? Assume the expansion is uniform and free. 

(U.E.I.) 

15. What is meant by ‘‘ the coefficient of linear expansion of steel is 
0*0000063 per degree Fahrenheit ” ? 

The length of the separate steel rails composing a railroad is 60 feet 
at a temperature of 40° F. What clearance would you leave between 
successive rails if their ends are to be 0*06 inch apart at 120° F.? 

(U.E.I.) 

16. Explain what you imderstand by the statement “ the coefficient 
of linear expansion of aluminium is 0*0000123 per degree Fahrenheit ”. 

The diameter of an aluminium piston is 9*1 cm. at 60° F. What will 
be its diameter when the mean temperature of the piston is 285° F. ? 

{U.E.I.) 

17. (a) Describe, briefly, with a sketch of the apparatus used, an 
experiment to show that, in general, metals expand when heated. 

(6) Give an example, from engineering practice, where allowance has 
to be made for the expansion of a metal on heating, or contraction on 
cooling. 

(c) Calculate the increase in length of a rod 100 cm. long when its 
temperature is raised from 10° C. to 60° C. if the linear coefficient of 
expansion of the metal is 0*000012 per degree Centigrade. (U.E.I.) 

18. State the common effects of heat upon a solid. In what respects 

are the effects different upon liquids and gases? (U.L.C.I.) 

19. Define the melting point of a substance. 

Describe how you would find the melting point of a substance which 
melts between 40° C. and 100° C. 

How much heat is required to change 10 gm. of ice at 0° C. to steam 
at 100° C.? [Latent heat of fusion of ice =80 cal. per gm. Latent 
heat of stecun=536 cal. per gm.] (U.L.C.I.) 

20. What is meant by the melting point of a substance? 

How would you find it in the case of wax? Explain why solder is 
used to mend leaky kettles. (U.L.C.I.) 

21. What is the difference between evaporation and boiling f 

Give two instances where evaporation pla 3 rs an important part, 
explaining each case. (U.L.C.I.) 

22. Explain why (a) soldering irons are fitted with wooden handles 

and (6) heat is appli^ to the bottom of a kettle containing water. 
Descril^ an experiment which would support your explanation of 
either (a) or (6). {U.E.I'.) 
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23. What do you understand by the terms conduction, convection, 

and radiation of heat? After explaining these terms, describe how the 
heat is transmitted from the fire in a boiler furnace to the water in the 
boiler. (IT.E.I.) 

24. (a) Hot water radiators are sometimes fitted as they come from 
the foundry and sometimes they are covered with aluminium paint. 
State from a heat point of view which you consider to be best, giving 
reasons for your answer. 

(6) Some substances may be classified as good, and others as bad, 
conductors of heat. Explain the meaning of the terms and name some 
material used in engineering practice which may be described as a bad 
conductor of heat and give its practical application. (U.E.I.) 

25. Given rods of various substances, describe carefully how you 

would show that some are good, whilst others are bad, conductors of 
heat. Give two examples from engineering practice in one of which 
materials with good conducting qualities are needed whilst the other 
calls for materials with poor conducting qualities. (U.E.I.) 

26. From each square foot of outer surface of a bare steam pipe 
3 units of heat are lost per hour for each degree difference in tempera¬ 
ture between the pipe and the surrounding atmosphere. A steam pipe 
carrying steam at 300° F. is uncovered where it passes between two 
shops 10 ft. apart. The temperature of the air in the passage-way is 
HO" F. and the pipe is 4 in. external diameter. How many imits of 
lieat are lost per hour duo to this exposed portion of the pipe? (U.E.I.) 

27. It is proposed to heat a workshop by means of hot water pipes 
placed : 

(а) close to the floor ; 

(б) at some distance above the heads of the employees. 

Explain in eaoh case how the temperature in the workshop is raided. 

Which do you consider, from a heating point of view, is the best 
arrangement, and why? (U.E.I.) 

28. Explain carefully what you imderstand by the term “ Unit of 

Heat ”. 4 lb. of water at a temperature of 96° C. are mixed with 3 lb. 
of water at a temperature of 12° C. Assuming that no heat has been 
lost during the process, what would bo the final temperature of the 
mixture? (U.E.I.) 

29. Explain carefully what you imderstand by the statement “ the 
specific heat of brass is 0*09 ”. 

Describe, with neat sketches of the apparatus used, how you would 
determine by experiment the specific heat of a given piece of brass. 

A number of brass condenser tubes, together weighing 120 lb., were 
at a temperature of 60° F. before the condenser was at work. When in 
use the mean temperature of the tubes was 108° F. How much heat 
was absorbed by the tubes? (U.E.I.) 
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30* What is meant by the specific heat of a substance? 

Find the specific heat of brass from the following experiment. When 
90 gm. of brass at 100° C. are plaeed in a vessel containing 40 gm. of 
water at 10° C., the resulting temperature is 26° C. (U.L.C.I.), 

31. (a) Write down the freezing and boiling points of water at stan¬ 
dard pressure on the Fahrenheit and Centigrade scales respectively. 
What is the ratio of one Fahrenheit degree to one Centigrade degree of 
temperature? 

(b) How many units of heat are required to raise the temperature of 
10 lb. of water from 60° F. to 180° F.? How many heat units would 
this correspond to on the Centigrade scale? (U.E.I.) 

32. What is the specific heat of a substance? If 100 gm. of water at 

100' C. are poured into 120 gm. of tiu^Kutine at 9° C. and the resulting 
tt'mperature found to be 70° C., what is the specific heat of the turpen¬ 
tine? What reason have you for supposing that the result you give 
may not bo correct? (U.L.C.I.) 

33. How much heat is required to raise the temperature of 0*2 lb. of 
copper through 1060° C.? Assume the specific heat of copper to be 0-1. 

If this heated copper is plunged into 2*2 lb. of water at 15° C., what 
will be the final temperature of the water, assuming no losses by 
radiation? (U.E.I.) 

34. (a) What is the cost of heating 10 gallons of water from 52° F. to 
192^ F. by coal gas if the cost of the gas is 8-5 pence per therm? 

(b) What would be the resulting temperature if the 10 gallons of 
water at 192° F. were mixed with 16 gallons of water at 52° F.? 

(Note. —One gallon of water weighs 10 lb. and a therm equals 
100,000 B.Th.U.) (U.E.I.) 

35. The temperature of a furnace may be obtained by placing cm iron 
ball in th(^ furnace until it has reached the temperature of the furnace, 
then plunging it into a known weight of water and noting the rise in 
temperature of the water. 

C’alculate the temperature of a furnace from the following data : 


Weight of iron ball - 

- 0-6 lb. 

Weight of water 

- 2 0 lb. 

Specific heat of iron - 

. 0114 

Initial temperature of water 

- 60° F. 

Final temperature of water 

- 90° F. 


Neglect the heat given to the vessel containing the water. (U.E.I.) 

36. In an experiment to determine the temperature of the exhaust 
gases from an internal combustion engine, 0-2 lb. of copper, of specific 
heat 0*1, was placed in the exhaust pipe imtil it attained the same 
temperature as the exhaust gases. This heated copper was then 
quickly removed and plunged into 0*8 lb. of water at 69° F. It was 
foimd that the final temperature of the water and copper was 70° F. 
Assuming no losses by radiation, determine the temperatiu^ ofthe 
exhaust gases. {U.Ei.1.) 
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37. In a certain cooling apparatus cold water enters the cooling tank 
at the bottom and leaves by an outlet near the top of the tank. The 
hot liquid passes through a coil entering near the top and leaving at 
the bottom of the tank. 3,000 lb. of liquid, of specific heat 0-42, enter 
the cooler per hour, the liquid entering at a temperature of 166° C. and 
leaving at 15° C. How much heat is liberated per hour? The cooling 
water enters at 12° C. and leaves at 62° C. Calculate the quantity of 
water, in gallons per hour, passing through the cooling apparatus. 

1 gallon of water weighs 10 lb. (U.E.I.) 

38. Define a pound Centigrade heat unit and a British Thermal 

Unit. What is the ratio of one British Thermal Unit to one Centigrade 
heat unit? How many poimd Centigrade units of heat would be 
required to change the temperature of 12 lb. of load from 16° C. to 
300° C. ? How many lb. of water would be raised in temperature 26° F. 
by this amoimt of heat? Specific heat of lead is 0*035. (U.E.I.) 

39. What do you understand by the latent heat of steamt 

How would you find a value for it by experiment? (U.L.C.I.) 

40. Define “ latent heat of ice ”, and find its value if it requires 
60 gm. of boiling water to melt 62*6 gm. of ice at 0° C. (U.L.C.I.) 

Properties of the working substance. Qas laws. 

41. Describe some form of apparatus used for measuring the pressure 
of the atmosphere. 

Would it be useful for measuring the pre^ssure in a steam engine 
boiler? Give reasons for your answer. (U.L.C.I.) 

42. A balloon is filled with 62,000 cubic feet of gas at sea level where 
the air pressure is 30 in. of mercury. At a height of 3,600 feet the air 
pressure is only 26 in. of mercury. Wliat volume of gas must be reh'ased 
at this height to allow for the expansion of the gas? 

Assume that the temperature of the air remains constant. 

State the law used in your calculation. (U.E.I.) 

43. (a) Steam is admitted to the cylinder of an engine at 60 lb. per 
square inch absolute, and is cut off at J of the stroke. What will bc» 
the pressure on the piston when it has travelled 1 ft. 6 in., 2 ft., and at 
the end of the stroke if the length of the stroke is 3 ft. ? 

(h) Plot a graph showing the fall in pressure from the point of cut-off 
to the end of the stroke. (U.E.I.) 

44. A gas is subjected to a pressure of 20 lb. per square inch absolute 
and occupies a volume of 6 cu. ft. What would be the volume of the 
gas when the pressure is increased to 96 lb. per square inch absolute, 
the temperature remaining constant? 

Describe carefully how you would verify by experiment the law used 
in your calculation. Make a neat sketch of the apparatus you would 
use. (U.E.L) 
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46« 10 cubic feet of gas at a pressure of 20 lb. per square inch absolute 
is compressed to a volume of 2 cubic feet, the compression taking place 
very slowly. Determine the pressure of the gas at the end of compres¬ 
sion, also the volume of the gas when the pressure is 50 lb. per square 
inch absolute. State clearly the law used in your calculation. (U.E.I.) 

46. If atmospheric pressure is 15 lb. per sq. in., what is the absolute 
pressure when the gauge pressure is 120 lb. per sq. in., and what is the 
gauge pressure when the absolute pressure is 35 lb. per sq. in. ? 

A machine for compressing air takes in 4 cubic feet of air at a pres¬ 
sure of 35 lb. per square inch absolute, and compresses it to a pressiue 
of 120 lb. per square inch gauge. Assuming the compression takes 
place at constant temperature, find the final volume of the air. (U.E.I.) 

47. State clearly the relation between the volume and the pressure 
in the case of a gas subjected to changes of pressure at co^tant tempera¬ 
ture. 20 cubic feet of gas at a pressure of 115 lb. per square inch 
absolute are contained in a cylinder. The gas is allowed to expand, 
the temperature remaining constant, until the volume is 46 cubic feet. 
What is the pressure at the end of expansion in lb. per square inch 
absolute and in lb. per square inch gauge? 

You may assume atmospheric pressure equals 15 lb. per square inch. 

(U.E.I.) 

48. Explain carefully what you imderstand by Charles* law, 

A gasometer holds 1,000,000 cu. ft. of gas when the temperature of 
the day is 30° C. What will this volume b^me when the temperature 
falls to 20 degrees below freezing point? Assume that the barometer is 
at the same height in both cases. (U.L.C.I.) 

49. What is meant by absolute zero temperature? 

The volume of a gas is 200 c.c. at 25° C. What will the volume be if 
it is heated to 100° C., the pressure being kept the same? (U.L.C.I.) 

50. (a) Coal gas leaves a gas works at a temperature of 30° C. and 
roaches the consumer at 15° C. What is the change in volume per 
1,000 cubic feet of gas leaving the gas works because of this fall in 
temperatiue, pressure remaining constant? 

(h) How many pounds of steam at atmospheric pressure must be 
add^ to 1,000 pounds of water to raise the temperature of the water 
from 50° C. to 80° C., the latent heat of steam at atmospheric pressure 
being 540 C.H.U. and its sensible heat 100 C.H.U.? (U.E.1.) 

51. In a gas engine trial it is foimd that 450 cubic feet of gas are 
used per hour at a pressure of 4 in. of water. What would be the gas 
consumption at atmospheric pressure, t.e. at 15 lb. per sq. in. absolute, 
without variation of temperature? You may assume that atmospheric 
pressure will support a column of water 34 fb. high. 

If this gas consumption at atmospheric pressure was at a tempera¬ 
ture of 18° C., what would be the gas consumption at atmospheric 
pressure and at a temperature of 0° C, ? (U.E.1.) 
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52. Explain carefully how you would experimentally prove the 

truth of Boyle’s Law or Charles’ Law. A sketch, and description, of 
the apparatus used is required. (U.E.I.) 

53. What do you vmderstand by absolute pressure and absolute 
temperature? 1-5 cubic feet of gas at a pressure of 16 lb. per square 
inch absolute are contained in a cylinder. The gas is compress^ at 
constant temperature imtil its pressure is 90 lb. per square inch absolute. 
What is then the volume of the gas? 

If after compression the temperature of the gas was raised from 20® C. 
to 60° C., the pressure being kept constant, what would then be the 
volume of the gas? (U.E.I.) 

54. In a gas engine trial 360 cubic feet of gas were used per hour. 
A manometer showed that the pressure of the gas in the mains was 
018 lb. per square inch gauge. What would be the gas consumption at 
atmospheric pressure, ix. at 15 lb. per square inch absolute, without 
variation of temperature? 

If this gas consumption at atmospheric pressure was at a temperature 
of 65° F., what would be the gas consumption at atmospheric pressure 
and at 32° F.? (U.E.I.) 

55. Four cubic feet of gas are compressed at a constant temperature 
from 20 lb. per square inch absolute to 100 lb. per square inch absolute. 
Find : 

(a) The volume of the gas at the end of compression. 

(h) The volume of the gas when the pressure was 60 lb. per square 
inch absolute. 

(c) The pressure of the gas, in lb. per square inch gauge pressure, 
when the volume is 1*5 cubic feet. (Assume atmospheric 
pressure = 15 lb. per square inch absolute.) 

Would the results be affected, if during the compression tlie tempera¬ 
ture of the gas were allowed to vary? (Jive a reason for your answer. 

(U.E.I.) 

Properties of working substances. Steam quantities. 

56. How many heat units are required to generate 1,000 lb. of dry 
saturated steam at an absolute pressure of 175 lb. per sq. in. from feed 
water at 12° C. ? What would be the total heat of 1 lb. of steam at the 
above pressure ? 

The following data are abstracted from a steam table. 


Pressure in lb. 

Temperature, 

Sensible heat. 

Latent heat, 

per sq. in. abs. 

°C. 

C.H.U. per lb. 

C.H.U. per lb. 

175 

188-2 

190-9 

477-3 


(U.L.C.I.) 

57. The length and breadth of the fire grate of a boiler furnace are 
6 ft. and 3 ft. respectively, and 14 lb. of coal are burnt per square foot 
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of grate area per hour. If the heat given out by the burning of 1 lb. 
of coal is 14,000 B.Th.U. and 87 per cent, of the heat is utilised in 
generating steam, how many pounds of dry steam will be produced per 
hour at a pressure of 120 lb. per square inch absolute from feed water 
supplied at a temperature of 101-8° F.? 


Pressure, 

Temperature, 

Sensible heat. 

Latent heat. 

Ib./sq. in. absolute 

o 

B.Th.U. per lb. 

B.Th.U. per lb. 

_ 

101-8 

69-7 

1033-7 

120 

341-2 

312-3 

880-0 


(U.E.I.> 

58. Using the extract from the Steam Tables given, determine ; 

(а) The greatest amount of heat which can be supplied to 1-6 lb. of 

water at a pressure of 120 lb. per square inch absolute without 
the formation of any steam if the initial temperature is 75-9° C. 

(б) The amount of heat to bo supplied to 2 -25 lb. of water at 181-3° C. 

to convert it into dry saturatexi steam at 150 lb. per square 
inch absolute. 

(r) How many pounds of water will be evaporated by a supply of 
heat of 6,620 C.H.U. if the feed temperature in a boiler work¬ 
ing at a preasure of 160 lb. per square inch absolute is 75-9° C.? 


Pressure, 
lb. per sq. in. 
absolute 

Temperature, 

^C. 

Sensible heat, 
UH.U.per lb. 

Latent heat, 
C.H.U. per lb. 

Total heat of 
evaporation, 
C.H.U.perlb. 

_ 

75-9 

75-79 

_ 

____ 

120 

171-75 

— 

490-40 

663-92 

150 

181-3 

183-59 

— 

666-49 


(U.E.I.) 


59. 1200 lb. of steam art' exhausted into a condenser per hour at a 
pressure of 5 lb. per square inch absolute. The condensed steam leaves 
the condenser at a temperature of 60-8° C. What heat loss, in C.H.U. 
per liour, does this represent? 


Pressure, lb. per 

Temperature, 

Sensible heat. 

Latent heat. 

sq. in. absolute 

°C. 

C.H.U. per lb. 

C.H.U. per lb. 

5 

72-4 

72-26 

666-38 

— 

60-8 


1 561-83 

1 
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60. The following figures have been taken from steam tables. Com¬ 
plete the table, and then find the amount of heat required to completely 
•convert 6 lb. of water at 26*4° C. into steam at a pressiue of 115 lb. 
per sq. in. absolute ? 


Pressure, 
lb. per sq. in. 
absolute 

Temperature, 

°C. 

Heat of the 
liquid, 

UH.U.per lb. 

Heat of 
evaporation, 
C.H.U. per lb. 

Total heat of 
evaporation, 
C.H.U.per lb. 

0-6 

26-4 


580-4 

606-7 

50 

138-3 


515-3 

— 

115 

170 

■bH 

— 

763-4 


(U.E.I.) 


61. Explain the meaning of the following quantities found in steam 
tables : Heat of the liquid, or sensible heat; Heat of evaporation or 
latent heat; Total heat of evaporation. 

If the heat of the liquid is 283-8 B.Th.U. per lb. and the total heat 
•of evaporation is 1182-8 B.Th.U. per lb., what is the heat of evaporation 
in B.Th.U. per lb. ? 

If the initial temperature of the water is constant, does the heat of 
the liquid (as quoted in steam tables) increase or decrease as the pres¬ 
sure to which the water is subjected increases ? Give a reason for your 
nnswer. (U.E.I.) 


ConTenioii of energy. 

62. In a run of 60 miles a locomotive used I ton of coal, each lb. of 
which generates 14,000 B.Th.U. of heat. The average pulling force 
exerted by the engine was 2,000 lb. 

What is the thermal efficiency? 


. Heat converted mto work 

Note. —^Thermal efficiency ===— -;- :—-, 

Heat supplied m the same period 

(Joule’s Equivalent of Heat, 1 B.Th.U. =778 ft. lb.) (U.E.I.) 


63. Water is being heated by means of a paraffin burner and 6-3 lb. 

of the fuel are used per hour. If 1 lb. of paraffin gives out 21,000 
B.Th.U. on complete burning and 75 per cent, of the heat passes into 
the water, raising its temperature from 60° F. to 210° F., how many 
pounds of water are being heated per hour? (U.E.I.) 

64. An oil engine uses 20 lb. of oil per hour. If the heat liberated by 
the complete burning of 1 lb. of oil is 21,000 B.Th.U., how much heat 
is supplied per hour? 

If the brake horse power of the engine is 18, what percentage of the 
heat supplied is converted into useful work? 

778 foot pounds of work must be done to raise the temperature of 
1 pound of water 1° Fahrenheit. (U.E.I.) 
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65. 778 ft. pounds of work are required to raise the temperature of 

1 pound of water V Fahrenheit; find the number of foot-pounds of’ 
work required to raise the temperature of 1 pound of water C^ti- 
grade. How much work would it be necessary to convert into heat in 
order to provide sufficient heat to raise the temperature of 12 pounds 
of water through 60® C. ? (U.E.I.) 

66. An oil engine uses 19-5 lb. of oil per hour, each pound of oil when 
completely burnt liberating 20,000 B.Th.U. How much heat is supplied 
per hour? If the brake horse power of the engine is 60, what percentage 
of the available heat is converted into mechanical work? 

In order to raise the temperature of 1 lb. of water 1® F. 778 ft. lb. 
of work must be done. (U.E.I.) 

67. What do you understand by the mechanical equivalenJl of heatl 

How much heat is required to raise the temperature of 600 lb. of 

water from 16® C. to 70° C.? What is the mechanical equivalent of 
this amount of heat? If it takes an hour to raise the temperature of 
the 600 lb. of water, at what rate measured in horse power is the energy 
supplied to the water? (U.L.C.I.) 

68. To-day gas is measured for sale purposes by the therm (100,000 

B.Th.U.). What will it cost to boil 3 lb. of water on a gas ring if the- 
temperature of the water at the commencement is 42® F. and the 
charge is Is. 8d. per therm? (Give your answer correct to the first 
decimal place of a penny.) (U.L.C.I.) 

69. Explain as fully as possible the principle of action of an intemah 
combustion engine working on : 

(а) The four-stroke cycle ; or 

(б) The two-stroke cycle. (U.E.I.)‘ 

70. Explain carefully the cycle of operations in : 

(a) A steam engine, and 

(b) An internal combustion engine working on the four-stroke- 

cycle. (U.E.I.) 

71. Which of the following would you call internal combustion 

engines: gas engine, steam engine, petrol engine, heavy oil engine, 
parafiin engine, steam turbine? In the case of one of the engines you 
have select^, describe how the explosive mixture is obtained and how 
ignition is effected. (U.E.I.) 

72. An internal combustion engine is said to work on the ** four- 
stroke ”, or ” two-stroke ” cycle. Explain what is meant by these 
terms. 

Describe caiefully the four-stroke cycle of operations, and show by 
means of dia^ams the positions of valves and crank at important 
points of the cycle. (U.S3.I.)* 
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73. The diameter of the cylinder of a double-aoting steam engine is 

9 in., and the length of the piston stroke is 16 in. Find what mean 
effective pressure of the steam would develop 16 horse-power at a 
speed of 126 revolutions per minute. (U.L.C.I.) 

74. The cylinder of an engine is 7 in. in diameter and the piston 

stroke is 11 in. The mean effective pressure of the steam in the cylinder 
IS 40 lb. per sq. in. Find the spe^ of the engine in revolutions per 
minute in order that it may develop 16 I.H.P. (U.L.CM.) 

75. A gas engine working on the four-stroke cycle has a cylinder 
8 inches in diameter and a stroke of 16 inches. The mean effective 
pressure in the engine cylinder is 90 lb. per square inch. The crank 
shaft makes 200 revolutions per minute and there are 10 miss-fires per 
minute. Calculate: 

(а) The total effective force on the engine piston. 

(б) The work done during the working stroke. 

(c) The indicated horse-power of the engine. (U.E.I.) 

76. Explain the “ four-stroke cycle ” for an internal combustion 
engine. 

An internal combustion engine working on the four-stroke cycle has 
an explosion every cycle. The cylinder diameter is 8 in. and the piston 
stroke is 11 in. Find the I.H.P. of the engine when the mean effective 
pressure during the working stroke is 66 lb. per sq. in. and the speed is 
220 revolutions per minute. (U.L.C.I.) 

77. An engine uses 175 cubic feet of gas per hour. If 340 C.H.U. are 
liberated by the complete burning of 1 cubic foot of gas, how ‘mucdi 
heat is supplied per hour? If the brake horse power of the engine» is 
6*3, what percentage of tne heat supplied is converted into useful 
wjrk? If 280 lb. of water pass through the jackets per hour and the 
ri.se of temperature of the jacket water is 60° C., what percentage of 
the heat supplied is carried away by the jacket water? 

1400 foot-pounds of work are equivalent to 1 C.H.U. (U.E.I.) 

78. The following figures were obtained during a test of an oil engine : 

Diameter of brake drum .... 1*6 feet. 

Effective load on brake.66 lb. 

Revolutions per minute - - - - 620 

Oil consumed per hour - ... - 3*9 lb. 

Heat evolved on the complete combustion of 

lib. of oil. 18,000 B.Th.U. 

Find : 

(a) the brake horse-power of the engine ; 

(b) the heat supplied per minute. 

(c) the percentage of the heat supplied converted into useful work. 

778 foot-pounds of work are equivalent to 1 B.Th.U. (U.E.I.) 
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79. A plant used for experimental purposes consists of boiler, turbine 
and generator. In a test it was found that 20 lb. of oil were burnt per 
hour, each pound of oil, on complete burning, giving out 18,000 B.Th.U. 
22 amperes of current were generated at a pressure of 480 volts. Find 
the overall efficiency of the plant. 

778 ft. pounds are equivalent to 1 B.Th.U. (U.E.I.) 

80. Steam at an absolute pressure of 80 lb. per sq. in. is admitted to 
the cylinder of an engine and is cut off at 0*4 stroke, the back pressure 
being 17 lb. per sq. in. Draw, to scale, the hypothetical indicator 
diagram (in which expansion follows the law constant), and 
determine the mean effective pressiire of the steam during the stroke. 

(U.L.C.I.) 


ELECTROTECHNICS 

Chemical effect of a current and generation by chemical means. 

1. State the laws of electrolysis. 

Describe, as fully as you can, what occurs when an electric current 
is passed through a solution of copper sulphate. (U.L.C.I.) 

2. (1) Describe the action of a current of electricity when passing 
through (a) copper sulphate solution, (b) a solution containing nickel, 
(c) water containing a small amount of sulphiuic acid. 

(2) Briefly explain silver-plating. (U.L.C.I.) 

3. State Faraday’s laws of electrolysis. 

Describe an experiment by which the electro-chemical equivalent of 
copper may be found. Give a connection diagram. (U.E.I.) 

4. What is understood by the electro-chemical equivalent of an 
element ? 

The weight of copper deposited in a copper voltameter is 1‘64 gm. in 
8 min. 20 sec. Calculate : 

(a) The quantity of electricity passed through the voltameter. 

(h) The average value of the current. 

(Electro-chemical equivalent of copper = 0 000328.) (U.E.I.) 

5. In an experiment to determine the electro-chemical equivalent 
of copper, the following results were obtained. 

Initial weight of plate, 29-82 gm. 

Final weight of plate, 30-48 gm. 

Current, 2 amp. , 

Time, 16 min. 40 sec. 

Calculate the experimental value of the electro-chemical equivalent 
of copper. 

W^t precautions should be taken in carrying out this experiment? 

(U.E.I.) 

6. Detoe the electro-chemical equivalent of an element. A metal 
plate having a surface of 200 sq. cm. is to be silver-plated. If a current 
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If- 

of 0*5 ampere is used for a period of one hour, what thickness of Silver 
will be deposited on thg plate given that the E.c.i:. of silver is 0*001118 
and its density is 10*6 grams per c.c. (U.E J.) 

7. What happens when a plate of zinc and a plate of copper are 
dipped into dilute sulphuric acid, and connected externally by a copper 
wire ? What are the defects of this simple cell ? 

Describe one form of cell in which these defects are overcome. 

* (U.L.C.L) 

8. What are the defects of a simple cell ? What methods are adopted 
to overcome them in any primary cell with which you are familiar? 
Describe the construction and action of the primary cell, and state 
what you consider to bo its advantages and disadvantages. (U.L.C.I.) 

9. Make a sketch of a Leclanche cell, naming the various parts and 
substances used. 

-What is the cause of polarisation, and how is it reduced in this type 
of cell? (U.E.I.) 

10. In what way is the electro-motive force and the current in a 

circuit related ? An electric lamp having an electro-motive force of 
230 volts between its terminals takes a current of 0*46 ampere. Calcu¬ 
late the resistance of the lamp. If the electro-motive force changes to 
200 volts, what current will it now take ? (U.L.C.I.) 

11. Express Ohm’s law in words. 

If a battery of 6 cells, each 1*4 volts e.m.f, and 0*5 resistance, are 
connected in series with a galvanometer of 25 ohms resistance and a 
wire of 100 ohms resistance, what current will flow in the circuit? 

(U.L.C.I.) 

12. What is meant by (a) the e.m.f., (6) the p.d. of a primary cell ? 

Four primary cells each having an internal resistance of 1*8 ohms 

are connected in series and send a current through two conductors 
joined in parallel, the resistance of the conductors being 8 and 12 ohms 
respectively. The current through the conductor of 8 ohms resistance 
is found to be 0*3 ampere. Determine the drop of voltage in each cell. 

(U.L.C.I.) 

13. Define (a) Ampere ; (6) Volt; (c) Ohm. 

Two cells, each having an e.m.f. of 1*5 volts and an internal resistance 
of 1*2 ohms, are connected in series. A resistance of 3*6 ohms is con¬ 
nected across the terminals of the battery. Calculate ; 

(а) The current supplied by the battery. 

(б) The p.d. between the terminals of the battery. 

(c) The power expended in the 3*6 ohm resistance. (U,E.I.) 

14. A battery consists of five cells connected in series. Each cell has 
an e.m.l. of 2*0 volts and an internal resistance of 0*1 ohm. The 
battery is connected* toja resistance of 0*5 ohm. Calculate : 

(o) The current supplied by the battery. 

(b) The p.d. between the battery terminals. 
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(c) The current supplied by the battery if one of the cells be con. 
nected in the reverse direction. (U.E.I.) 

15. A battery consists of four cells connected in series. Each cell 
has an e.m.f. of 1*5 volts and an internal resistance of 0*6 ohm. The 
battery is connected to a resistance of 3*6 ohms. Calculate : 

(a) The current supplied by the battery. 

(b) The p.d. of the battery. 

(c) The value of the additional resistance required to be connected 

in series to reduce the current to 0*3 amp. (U.E.I.) 

16. State Ohm’s Law in words. Two wires, of resistance 4 and 6 ohms 

respectively, have their ends connected so that they are in parallel. 
The combination is then joined in series with another wire of 1 *6 ohms 
resistance, and a potential difference of 12 volts is applied to the ends 
of the complete circuit. What is the value of the current'flowing 
through the circuit ? * (U.L.C.I.) 

17. Three resistances, of 2, 3 and 6 ohms respectively, are connected 

in parallel, and the gi*oup thus formed joined in series with another 
resistance of 4 ohms. A potential difference of 20 volts is applied to 
the ends of the complete circuit. What is the total current through 
the circuit ? (U.L.C.I.) 

18. Define : Ohm ; Joule ; and R.O.T. unit. 

Two coils, one 6 olpus and the other 4 ohms resistance, are connected 
in parallel and the combination is connected in series with a third coil. 
The circuit thus formed is connected to a 20-volt supply and the 
current taken is 4 amp. Draw a connection diagram and calculate the 
w'sistance of the third coil. (U.E.I.) 

19. A certain electrical circuit connected to constant voltage supply 
consist.s of two coils B and D, joined in series. Coil B has a resistance of 
3 olims, and coil D a resistance of 7 ohms. A voltmeter connected 
across the ends of coil B registers 7*5 volts. 

Coil B is then removed from the circuit and the current again allowed 
to flow. Compare the quantities of electricity flowing through the 
circuit in the same time for the two cases. (U.L.C.I.) 

20. What is meant by the terms m series and in parallel when applied 
to eUH5trical circuits? 

The resistance of a certain electrical instrument is 160 ohms. A 
wire of 30 ohms resistance is joined in parallel with the instrument. 
What amount of exte'mal resistance would have to be culded in order 
that the insertion of the above shimt may not change the total resistance 
of the circuit ? 

What proportion of the total current will pass through the instru*- 
ment? (U.L.C.I.) 

21. Define the unit in which the difference of potential across the 
ends of afk electrical circuit is measured. A certain uniform wire 
105 cm. in length and having a resistance of 1*2 ohms connected in 

2c B.B.B.S. II 
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series with an adjustable resistance and a single storage cell. If the 
internal resistance of the cell is 0-085 ohm and its e.m.f. is 2 volts, 
what must be the value of the adjustable resistance so that the droj^ 
along the uniform wire may be 0-01 volt per cm.? (U.L.C.l.) 

22. Define : Ampere, Ohm, and Volt. 

Three resistances, 4 ohms, 3 ohms, and 12 ohms are connected in 
parallel. This combination is connected in scries with a resistance of 
8-5 ohms and the circuit thus formed is connected to a 100 V. supply. 
Give a connection diagram and calculate the current taken from th(' 
supply. (U.E.I.) 

23. Define : (a) Watt ; (6) Joule ; B.O.T. unit. 

A 250-volt electric light installation consists of the following : six 
lamps each 100 watts, five lamps each 60 watts, and ten lamps each 
30 watts, all connected in parallel. If all the lamps are switclied on, 
calculate : (a) the current taken from the supply ; (6) the cost of light¬ 
ing for 10 hours if the price of electricity is 2d. per B.O.T. imit. (U.E.I.) 

24. What resistance must be connected in series with a OO-w^att, 

110-volt lamp in order that it may run on 230-volt mains? If the co^t 
of electrical energy is 2d. per imit, calculate the cost of running pt‘r 
horn*. (UJE.l.) 

25. How does the resistance of an electrical conductor vary with its 
length, and with its cross-sectional area? 

1,000 yards of 22-s.w.g. copper wire has a rasistance of 39 ohms, the 
cross-sectional area of the wire being 0-000616 sq. in. Deduce from 
this the specific resistance or resistivity of copper. (U.L.C.l.) 

26. A two-core cable one mile in kmgth has a total resistance of 1 25 
ohms. If the conductor diameter is 0-3 in., calculate the sp€'cifi<3 
resistance of the conductor matcTiai in inch measure. What is the 
power loss in the cable when it is carrying a current of 30 amperes ? 

* (U.E.I.) 

27. An aluminium wire 10 metres long and 2 mm. diameter is joint'd 
in parallel with a copper wire 6 metres long. The total current flowing 
through the combination is 2 amperes, and in the aluminium wire 
1*25 amperes. Find the diameter of the copper wire. 

Specific resistance of copper = 1-6 microhms per cm. cube. 

Specific resistance of aluminium = 2microhms per cm. cube. 

(U.L.C.l.) 

28. It is required to make a 10-ohm resistance coil using manganin 
wire of 0-0009 sq. cm. sectional area. Given that the specific resistance 
of mangaoiin is 45 microhms per cm. cube, calculate the length of wire 
required. 

If this coil be connected in parallel with another of 15 ohms resistance, 
calculate the combined resistance of the two coils.' (U.E.I.) 
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29. A circular field coil is connected to a 100-volt supply and the 
current is 0*8 amp. Calculate ; 

(а) The length of wire used if the diameter of the bare copper is 

0*020 in. 

(б) The number of turns if the mean diameter of the coil is 6 in. 

(Take specific resistance of copper as 0*67 microhms per inch cube.) 

(U.E.I.) 

Heating effect of a current. 

30. State clearly the law relating to the conversion of electrical 

energy into heat. How would you prove the law experimentally ? A 
galvanometer of 600 ohms resistance is shimted by a 50 ohms coil. 
Compare the amounts of heat generated in the galvanometer and its 
bhunt when connected up in a circuit. (U.L.C.I.) 

31. The power taken by a certain electric saucepan when used on a 

220 volt circuit is 300 watts. Determine (a) the resistance of the heat¬ 
ing element of the saucepan, (h) the electrical energy taken by the sauce¬ 
pan in 5 minutes, (c) the amount of water which could be heated in the 
saucepan from C. to boiling point in the time stated, if the whole 
of the electrical energy was used to heat the water. (U.L.CM.) 

32. An electric kettle contains 2 i)ints of water, and it is inquired to 
raise the temperature of the water from 20° C. to 100° C. in 10 min. 
If 80 per cent, of the heat which is produced in the heating element is 
usefully employed in heating the water, calculate the resistance of the 
element, the supply pressui’e being 200 volts (1 lb. =450 grams). 

(U.L.C.I.) 

33. A coil consists of 50 metres of 0 02 cm. diameter copper wire'. 
Calculate (a) the resistance of the coil, and (b) the power taken by the 
coil when connected to a 100 V. supply. 

(Take specific rcsistaiice of copper a.s 1*7 microhms per cm. cube.) 

(U.E.I.) 

Magnetism and electromagnetism. 

34. What are the poles of a magnet? 

(6) How would you show that a magnet has two poles w'hich an' 
opposite in character? (U.L.C.I.) 

35. What do you understand by the terms “ permanent magnet 
and “ polos of a magnet ” ? Give the properties which a material should 
possess for the purpo.se of being made into a permanent magnet. 

(U.L.C.I.) 

36. Draw, as carefully as you can, the field of force due to a pair of 
bar magnets placed in the form of a T. 

37. Sketch the distribution of the magnetic field due to a horse-shoe 
magnet: (a) without keeper ; (6) with a keeper placed so tliat there i'=^ 
a small gap between the keeper and each pole; (c) fitted with polo 
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pieces and a soft iron cylinder between the poles as in a moving coil 
instrument. In each case show the polarity of the magnet and the 
direction of the magnetic field. (U.E.I.) 

38. When two north seeking poles are placed near together they 
repel each other. How does the force of repulsion between the two 
poles vary with their distance apart? Explain in detail how you would 
proceed to prove the truth of your statement by experiment. (U.L.C.I.) 

39. Define unit magnetic pole. 

State the law of inverse squares as applied to magnetic poles and 
describe an experiment wliich demonstrates this law. (U.E.I.) 

40. Describe the magnetometer and explain how you would use the 

instrument to compare the strength of two bar magnets. (U.E.I.) 

41. In what terms is the strength of the magnetic field at any place 
expressed ? 

Determine the strength of the magnetic field due to a thin bar 
magnet 6 cm. long and 50 units pole strength at a point 4 cm. from 
the north-seeking pole on the axis of the magnet produced. (U.L.C.I.) 

42. Calculate the force exerteil on a unit pole by a bar magnet 12 cm. 

long and of pole strength 25 units, the unit pole being situated at a 
perpendicular of 5 cm. from the N. seeking pole of the magnet. Solve 
graphically or otherwise. (U.L.C.I.) 

43. Define unit magnetic pole. 

Two magnetic poles of strengths 10 and 12 units respectively are 
placed 4 cm, apart. How far apart must two poles of strengths 28 and 
45 units respectively be placed, in order that the force between them 
shall be 3-5 times as great as that between the previous poles? (U.L.C.I.) 

44. Describe in detail two different methods of magnetising a piece 

of iron. Illustrate your answer by sketches, indicating clearly the 
N. pole of the iron. How would you prove the iron had been mag¬ 
netised? (U.L.C.t.) 

45. What properties would you expect any permanent magnet to 
possess ? Is it possible to obtain a magnet which when freely suspended 
so as to swing horizontally will set with its lengtli at right angles to the 
magnetic meridian ? If so, sketch and explain in detail the methods of 
magnetisation which could be used for obtaining such a magnet. 

(U.L.C.I.) 

46. How can you show by experiment: (a) that magnetism may be 

induced, and (b) the polarity of the induced magnet? Give a sketch 
showing the inducing and induced magnets in position, and mark the 
N. and S. poles on each. (U.L.C.I.) 

47. Define unit magnetic pole. 

A soft iron ring is placed between, but not touching, the North pole 
of one bar magnet and the South pole of another. Sketch the distribu¬ 
tion of the magnetic field between the poles. Show by means of arrows 
the direction of the field and account for the general shape. (U.E.I.) 
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48. A magnet of length 10 cm. is suspended in a magnetic field of 

which H = 0*18. If the strength of each pole is ten units, find the 
moment of the couple required to deflect the magnet (1) through 30®, 
(2) through 90®. (U.E.I.) 

49. How would you show that there is a magnetic field at the centre 

of a coil of wire through which a current is passing? Show how you 
can determine the direction of the current by testing the magnetic 
action of the field. (U.L.C.I.) 

50. Explain the action of a simple induction coil. (U.L.C.I.) 

61. What is an electro-magnet and on what factors does the strength 
of such a magnet depend ? What do you imagine takes place when an 
electric current is allowed to flow through a coil of insulated wire 
wound round a piece of soft iron ? State the fimctions of the electro- 
inaimet in any three practical cases where you know such a magnet is 
usefully employed. (U.l^.C.I.) 

52. What arc the properties of a magnet? How can a piece of steel 
be made into a magnet (a) by means of other magnets, (b) by means 
of an electric current? Ciive neat sjtctches to illustrate the methods 
you use, showing clearly in the sketches the polarity of the steel. 

(U.L.C.I.) 

63. You are given a straight length of conductor carrying a stieng 
el(»ctric current and a suitable switch for starting and stoppmg the 
cuiTcnt when required. What additional apparatus would you need 
and how would you proceed to use it in order to show that an electric 
current produces a magnetic field in its neighbourhood? Sketch the 
rlirection of the lines of force for such a case, and explain how you 
would use the results of your experiments in order to determme the 
direction of the current flowing through the conductor. (U.L.C.I.) 

54. A wooden cylinder of length 24 cm. and cross-sectional area 

2 sq. cm. is imiformly woimd with 120 turns of insulated copper wire. 
An electric current of 5 amperes is passed through the coil thus formed. 
Calculate the total magnetic flux within the coil. If the wooden 
cylinder were removed and an iron cylinder of identical dimensions 
substituted, how would the flux density be affected ? (U.L.C.I.) 

55. Why does a bar of stool become magnetised when it is wound 
along its length with turns of insulated wire carrying an electric current? 
State any rule which could bo used for determining the polarity of the 
steel. 

If the steel was in the form of a ring, explain how it could be mag¬ 
netised to have (a) no poles at all evident, (6) a north seeking pole at 
one point on the ring and a south seeking pole diametrically opposite. 
Illustrate your answer by sketches. (U.L.C.I.) 

56. Define ampere. 

What are the effects of an electric current? Describe an experiment 
to illustrate each effect. (U.EJ.) 
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57. How do you define induced e.m.f. and what do you understand 

by the right hand rule? A conductor of l('ngth 25 cm. is moving with 
a velocity of ten metres per second at right angles to the linens of force 
of a magnetic field. If the induced e.m.f. is 1-0 volt, calculate the 
sti'cngth of the field. (U.E.l.) 

58. State Lenz’s law of electromagnetic induction. 

Describe an experiment illustrating this law. (U.E.d.) 

Generators and motors. 

59. How could you, by siin})l(' experiments with a bar magned, 
induce an electric current in a coil of wire? 

State briefly how this is utilised in a dynamo. (U.L.(M.) 

60. Describe the principle of action of a generator. Upon what 

factors do the value and diu'ction of the e.m.f. depend? (U.E.l.) 

61. Describe with the aid of sktdches, and indicate the function of, 

th(' essential parts of a din'ct current machine. (U.E.l.) 

62. Describe an experiment illustrating the principle of action of th(‘ 
generator. 

Explain why the p.d. btdween th(' terminals of a shunt g(*nerator 
falls as the load is increased. (U.E.T.) 

63. In a certain building the electrical ecpiipment is as follows : 

twenty 100 watt lamps, fifty 60 watt lamps, one hundred 40 v'att 
lamps, four 2 kW. heaters. The heating load averages 5 hours per day, 
and the lighting load 2 hours per day for a six-day week. What is the 
energy expended per week in kW. houi*s ? If the building is supplied 
by a single dynamo of 85cfiiciency, what must be the H.P. of the 
engine driving the dynamo ? (U.L.C.I.) 

64. Define : Joule, Watt and kW.-hour. 

A 200-volt generator suppliers twenty 100 watt and fifty 60 watt 
lamps all connected in paralk*!. The efficiency of the generator wlj(‘n 
supplying this load is 85 per cent. Calculate : 

(a) The total current supplied to the lamps. 

(h) The H.P. requir(‘d to drive the generator (neglecting lo.ss in 
cables). (U.E.l.) 

65. Describe briefly the action of a simple electric motor. (U.L.C.I.) 

66. Under certain conditions a conductor situated in a magnetic’ 
fi(4d will experience a mechanical force. What are these' comlitions 
and upon what factors does the direction of the force depend ? 

Give sketches of the essential parts of a d.c. motor and name them. 

(U.E.l.) 

Instruments. 

67. ISketch and describe some form of galvanometer, and explain 

clearly its use and the principles upon which it acts. (U.L.C.I.) 

68. With the aid of a suitable sketch describe the construction and 
action of a hot wire ammeter, and state what you consider to be the* 
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defects of this instrument. Why is the drop in volts across such an 
instrument large, compared with that across the moving coil type, and 
what device is used in some hot wire ammeters to reduce this drop? 

(U.L.C.I.) 

69. Explain the principle of action of a moving coil ammeter. Make 

a larg(' diagrammatic sketch showing the principal parts of a moving 
coil ammeter, and explain the details of its construction. What is the 
function of the shunt used with such an instrument? (U.L.C.I.) 

70. Describe the construdtion, and principle of action, of a moving 

coil instrument. Give sketches. (U.E.I.) 

71. Describe, giving a sketch, the construction and principle of action 

of a moving coil instrument. Explain how the instrument may be 
UNcd as : (a) a voltmeter ; (b) an amm'‘ter. (U.E.I.) 

72. With the aid of sketches describe the construction of an ammeter 
shunt resistance. 

A certain moving coil instrument is designed to give full di*fleetion 
with a current of 25 milli-amperes and a p.d. of 75 milli-volts. 

Find th(» values of the shunt resistance required so that the instru¬ 
ment may operate as (a) a 0 to 5 ammeter, (b) a 0 to 50 ammeter. 

(U.L.C.I.) 

73. Explain the principle of the shunt. The voltage drop acro.ss a 
particular ammeter when reading full-scale at ten amperes is one volt. 
Calculate the resistance which must be connected in shunt with the 
instrument in order to increase its range to 100 amperes. (U.E.I.) 

74. With the help of a diagram, describe the construction and prin¬ 
ciple* of operation of the moving iron type of voltmeter. In what way 
(lo(*s such an instrument differ from a moving iron ammeter? (U.E.I.) 

75. A moving coil instrument has a resistance of 5 ohms, and gives a 
full-scale deflection with 75 milli-volts across its terminals. 

A shunt resistance and a series resistance are required .so that the 
irisirument may be used (a) as a 0 to 5 ammeter, and (6) as a 0 to 100 
\(»ltinet<T. Calculate tlie values of the shunt and series resi.stancen 
necessary for this purpose. (U.L.C.I.) 
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SECTION B 

The abbreviations indicated in the brackets after each question are : 

(W.S.) for questions set for Sta^ I in Motive Pov^er in the Organised 
Continuation Classes in the West of Scotland. 

(U.L.C.I.) for questions set for the Senior Second Year National Certificate 
by the Union of Lancashire and Cheshire Institutes. 

(U.E.I.) for questions set for the Senior Second Year National Certificate 
by the Union of Educational Institutions. 

(I.Mech.E.) for questions set at the Studentship examination by the Institu¬ 
tion of Mechanical Engineers. 

(I.E.E.) for questions set at the Graduateship examination by the Institu¬ 
tion of Electrical Engineers. 

HEAT AND HEAT ENGINES 
Effects of heat and heat quantities. 

1. What is meant by the coefficient of linear expansion of a solid? 

Describe an accurate method of measuring this coefficient for a rod of 
metal such as brass. If steel rails are subjected to a range of temperature 
between + 8° F. and 120^^ F., what space must be left between rails 30 ft. 
long when laid at a temperature of 56*^ F.? The coefficient of linear 
expansion of steel is 0 0000123 per Ccm. degree. (I.E.E.) 

2. How would you investigate the linear expansion of a metal with 

rise of temperature? A fire bar 3 ft. long at 0° C. has a mean tempera¬ 
ture of 900° C. when the fire is alight. Find its length then, assiuning 
that the coefficient of linear expansion of its material is 0 0000118. 
What effect on the shape of the bar has the fact that the top of the bar 
is hotter than the bottom? (I.Mech.E.) 

3. Describe and give diagrams of an instrument suitable for measur¬ 

ing a pressure of about 5 atmospheres such as exists in a high-pressure 
hot water heating system, and explain how you v/ould U'st the instru¬ 
ment for accuracy. (I.Mech.E.) 

4. Describe how the temperature of (a) the flames in the firebox, 

(6) the flue gases, of a steam boiler can be measured, giving diagrams 
and explaining the principles used. (I.Mech.E.) 

6. 9*5 units of heat are required to raise the temperature of 6 lb. of 
copper 20° F. What is the specific heat of the copper? Would the 
value of the specific heat be altered if either the imit of mass or the 
scale of temperature is changed. Give reeusons for your answer. (U.E.I.) 

6. Define specific heat, and describe how you would make an 
experimental determination of the specific heat of a liquid. A mass of 
silver weighing 20 gm. was heated to 100*2° C. and dropped into 69*2 gm. 
of turpentine at 11*1° C. The water equivalent of the calorimeter was 
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3*1 gm., and the specific heats of silver and turpentine are respectively 
0*056 and 0*42. Find the final temperature of the turpentine. 

(I.E.E.) 

7. What is meant by (a) latent heat of fusion of ice, (6) latent heat 
of vaporisation of water? Describe how the specific heat of a solid may 
be determined by making use of either of these two quantities. 

(I.E.E.) 

8. Explain what is meant by the method of mixtures used in calori¬ 
metry, and describe its application to the determination of the specific 
heat of a solid, stating the corrections necessary in accurate work. To 
120 gra. of water at 18*31° C. is added wet ice weighing 10*32 gm. The 
final temperature is 10*72° O. Find the amount of water added with 
the ice, if the latent heat of fusion of ice is 80 calories per gm. 

(I.E.E.) 


Conversion of energy, combustion and calorific value. 

9. If 14,580 B.Th.U. are evolved by burning 1 lb. of coal, express 
this in poimd Centigrade heat units, foot-pounds, horse-power per hour 
units and kilowatt per hour units. 

A plant burning this coal has an overall efficiency of 6*8 per cent. 
What is the coal consumption per kilowatt per hour? (U.E.I.) 

10. Explain the meaning of the term “ mc^chanical equivalent of 
heat ”. Describe one method of determining the value of the equivalent, 
indicating how the result is obtained from the observations. (I.E.E.) 

11. Describe an experiment to determine the mechanical equivalent 

of heat. A gas engine uses 450 cubic feet of gas per hour, the brake 
horso-power of the engine being 10. If 1 cubic foot of gas in burning 
gives out 531 B.Th.U. (295 C.H.U.), what is the heat efficiency of the 
engine? (U.E.I.) 

12. What do you understand by the mechanical equivalent of heat ? 

An oil engine, devi^loping 20*6 brake horse-power, uses 12*8 lb. of 

oil per horn* of calorific value 9,000 C.H.U. per lb. What is its thermal 
efficiency? If 540 lb. of cooling water pass through the cylinder jacket 
per hour, inlet and outlet temperature's of the water being 16° C. and 
72° C. respectively, what percentage of the heat supplied is carried 
away by the jacket water? (U.E.I.) 

13. Describe a modem laboratory method of determining the mech¬ 
anical equivalent of heat. 

Calculate the difference in temperature between the water at the top 
and bottom of a waterfall 25 metres high, assuming that 15 per cent, 
of the energy of fall is spent in heating the water. (I.E.E.) 

14. Define the mechanical equivalent of heat and state it in joules 
per calorie. A two-imit (kW.-hour) heater is immersed in a tank con¬ 
taining 20 gallons of water. How long will it take to raise the temperature 
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from 50° F. to 120° F.? The water equivalent of the tank and all 
radiation and convection losses are to bo neglected. The gallon con- 
hiins 10 Ib. of water and 1 lb. = 453*6 grams. (I.E.E.) 

15. Make an outline sketch of a calorimeter used for determining the 
calorific value of a samph* of coal. 

The following data were rt'cordod during an experiment with a 
calorimeter : weight of coal burnt, 1 gram ; weight of water in calori- 
me'ter, 1,020 gm.; water equivalent of calorimeter, 170 gm. ; initial 
temperature of water, 16 2 ° C. ; final temperature of water, 23*3° V. 
Determine the calorific value of 1 lb. of the sample of coal used in 
C.H.U. j^in^B.Th.U. (U.L.C.I.) 

16. The percentage composition of a sample of coal is 89% carbon, 

3*D*o hydrogen, and 3*Jo oxygen. Calculate' the minimum weight ot 
air required for the comph'te combustion of 1 lb. of this coal. If 50^^, 
of excess air is supplied, find assuming complete combustion, the weights 
of the respective flue gases per lb. of coal burnt. (U.L.C.I.) 

17. The analysis by weiglit of a certain coal is carbon 82 per cent., 
hydrogen 5 per cent., non-combustibles 13 per cent. Determine : 

(а) The theoretical weight of air required for the complete com¬ 

bustion of 1 lb. of this coal. 

( б ) The p('rcentage composition, by weight, of the products of 

combustion, assuming no excess air was supplied. 

Atomic weights : hydrogen 1 , carbon 12, oxygen 16. 

Note that then* is 1 lb. of oxygen in 4*35 lb. of air. (U.E.I.) 

18. Explain what is meant by “ minimum air ” and excess air 
whenapplied to combust ion problems. Why is exccssair usually supplied ? 

Calculate the minimum quantity of air necessary for tlie complete 
combustion of 1 lb. of fuel of the following composition by weight, 
( \ 85 ; Ha, 14. 

If this fuel is consumed in a boiler furnace with 65 per cent, excess 
air, and the temperature of the flue gases at the entrance to the chimnt'y 
is 490° F., calculate the proportion of the total flue gas loss of heat at 
the chimney that is due to the excess air. Air temperature, 60? F. ; 
specific heat of flue gases, 0*26, and of air, 0*24. (W.S.) 

19. Petrol has the approximate formula C 6 H 14 . Calculate the* 
approximate lower calorific value and the theoretical air required per lb. 
of petrol for complete combustion. If th(' excess air is 30 per cent, of 
the theoretical quantity required for combustion, determine the heat 
carried off by the exhaust gases at 820° F. y)er lb. of petrol used. 

Take the specific heat of flue gases as 0*25 and the combustion of 
petrol in accordance with the equation : 

2C«Hi4 + 1902= I 2 CO 2 H- I 4 H 2 O. 

Take the calorific value of carbon as 14,550 B.Th.U. per lb. and of 
hydrogen as 52,250 B.Th.U. per lb. ; and the composition of the air 
by weight as 77 per cent, nitrogen and 23 per cent, oxygen. (W.S.) 
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20. The oil consumed in a boiler plant has a percentage composition 

by weight C 86, 13. 

Determine its approximate^ calorific value. If the actual air supplied 
is 60 per cent, in excess of the theoretical quantity required, estimate 
the weight of air to be dealt with by the forced draft fan, and the weight 
of fliK' gases to bo dealt with by the induced draft fan, if the oil con¬ 
sumption is 1,500 lb./hour. 

If the free air was at 30 in. barometer and 60° F. temperature, what 
would be the volume dealt with by the forced draft fan. 

Molecular weights—C. 12 ; O 2 32 ; 2. 

Composition of air by weight—O 2 235 '^2 77%. 

Calorific values—C. i4,500 ; Hg 62,000 B.Th.U./lb. 

Constant for air in gas equation—53*2. (W.S.) 

Laws of permanent gases. 

21 . A tank of 120 eu. ft. capacity contains air at a gauge pressure of 

10 (> lb. per sq. in. and at a temperature of 29'' C. Water is then forced 
into the tank until the gauge pressure is 125 lb. per sq. in., and at the 
sam(' time* the temyx^rature is raistxl to 65° C. Determine the reduction 
of volume of the air. (U.L.C.T.) 

22. State Boyle’s Law and Charles’ Law, and write down the charac¬ 
teristic equation of a gas. 

One pound weight of air at 0° C. and at an absolute pressure of 
15 lb. per square inch occupies a volume of 12*4 cubic feet. W^hat i.s 
the volume occupied by tlie same weight of air at 15° C. and at a 
pn'ssiire of 100 lb. per square inch absolute? (U.E.I.) 

23. State the meaning of each hotter in the equation PV^RT as 
ajif)Ii('d to a pei^ect gas. 

In th(* measurement of the gas supplied to a gas engine it is usual to 
reduce the gas consumption to standard temperature and pressure, Le. 
a tf*mperaturo of 0° C\ and a pressure of 14*7 lb. per square inch abso¬ 
lute. In an actual test the gas consumption was 40 cu. ft. per hour at 
a t<‘my)erature of 18° C. and at a pressure of 16-2 lb. per square inch 
absolute. What would be the gas consumption at standard tempera- 
tun* and pressure? (U.E.I.) 

24. Explain how you verify the laws according to which the volume 
of a gas varies with U»mperature and pressure. 

Thi* air in an excavating cai.sson of 48 cubic metres capacity haa to 
l)e maintained at 10° C. and 34 lb. per sq. in. abs. pressure and renewed 
six times per hour. What volume of air outside at 0° C. and 14*7 lb. 
per sq. in. will have to be taken in and pumped into the caisson per 
hour? (I.Mech.E.) 

25. A gas-propelled bus nms 100 miles per day €ind uses 46 cu. ft. 
of gas, at atmospheric pressure, per mile. The gas used for the day is 
carried in a gas-container under a pressure of 200 atmospheres. Calcu¬ 
late the capacity of the container. What would be the cost of the^gas 
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used in a day’s run if the gas were supplied at lOd. per 1000 cu. ft., 
and it cost Tjd. per 1,000 cu. ft. for compression? Assume constant 
temperature throughout the operations. (U.L.C.I.) 

26. State Boyle’s law, and draw an accurate diagram of an apparatus 
for verifying it,* explaining how the apparatus is used. 

The tube of a barometer has a cross-sectional area of 1 cm.®, and 
when the column stands at 75 cm. 2 cm.® of air at atmospheric pressure 
are passed up the tube. How far is the surface of the mercury (fe- 
pressed, if initially it was 8 cm. below the closed end of the' tube? 
The tube stands in a large vessel containing mercury, and the l(?V(d of 
the latter is not appreciably altered when the air enters. (I.E.E.) 

27. Determine the weight of air in a receiver of 150 cu. ft. capacity, 

the pressure of the air being 120 lb. per sq. in. abs. and the temperatun^ 
30® C. One cu. ft. of air at 0° C. and at a pressure of 14-7 lb. per sq. in. 
weighs 0 0807 lb. (U.L.C.I.) 

28. State and explain the laws of Boyle and Charles for perfW't 
gases. Show that these two laws may be expressed in the form of a 
single equation. 

Compare the vohunes of equal masses of air (a) at - 20® C. an<l 
770 mm. pressure, and (6) at 40® 0. and 787 mm. pressure. (I.E.E.) 

29. A given mass of air has a volume of 3 cu. ft. when its pressure is 
200 Ib. per sq. in. absolute and temperature 177® C. 

(a) Calculate the work done and its new temperature when it ex¬ 

pands to a volume of 9 cu. ft., its pressure of 200 lb. per sq. in. 
absolute remaining constant. 

(b) What would be the work done, if any, and the new temperature 

if a reduction in the original temperature caused the pr(»ssurc' 
to become 20 lb. per sq. in. absolute, its volume remaining 
constant at 3 cub. ft. (U.E.I.) 

Properties of steam and steam quantities. 

30. Describe how you would verify that the latent lioat of steam at 

atmospheric pressure is 538. Show by a diagram how its value depends 
on the pressure. (T.Mech.E.) 

31. Heat is supplied to 1 lb. of water at 0® C. until all the water is 

converted into steam, the steam then being further heated, the pressurti 
remaining constant throughout. Describe, in order, the changes that 
take place. Show by means of a neatly drawn graph, plotting tem¬ 
perature vertically and heat units supplied horizontally, the connection 
between temperature and heat units supplied for 1 lb. of water at 0® C, 
converted into steam at 100® C. and then further heated under the 
above conditions. You should indicate on your graph the approximate 
number of heat imits contained by the fluid at any point where the 
slope of the graph changes suddenly. (U.E.I.) 
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32. What do you mean by the latent heat of steam and how would 

you measure it? In what way does it vary with the temperature at 
which the steam is generated? # (LMech.E.) 

33. What do you understand by the “ dryness fraction ” of stecum? 
The following is an extract from Callendar’s Steam Tables of the 

properties of saturated steam : 


Absolute 
pressure in lb. 
per sq. in. 

Temperature 

(°C.) 

Sensible 

heat 

(C.H.U.perlb.) 

Total heat 
(C.H.U.perlb.) 

410 

231*1 

237*8 

677*1 

420 

232 5 

239*3 

677*3 

430 

233*8 

240*8 

677*5 

440 

235*1 

242*3 

677*8 


A boiler generates steam at an absolute pressure of 425 lb. per sq. in. 
but the ste^m contains of suspended moisture. Find the quantity 
of heat in each pound of wet steam. (U.L.C.I.) 

34. What do you understand by “ wet saturated ” and “ super- 
luxated steam ” ? 

Find the number of heat units required to produce 1 lb. of steam at 
30F F. from feed water at 120-2® F. 

(а) when the steam contains 5 per cent, of moisture ; 

(б) when the steam is superheated to 400® F., assiuning the 

specific heat of superheated steam to be 0*5. 


Temperature, 

o p 

! 

Heat of the 
liqiiid, 

B.Th.U.perlb. 

Total heat of 
evaporation, 
B.Th.U. per Ib. 

120*2 

361 

88*0 

332*9 

1022*9 

1193*9 


35. What do you understand by wet steamy dry saturated steam and 

superheated steamt Determine the quantities of heat required to 
generate 1 lb. of steam at a pressure of 110 lb. per sq. in. abs. from 
water at a temperature of 25® C. : (a) when the dryness fraction is 
0-88 ; (6) when it is dry and saturated ; and (c) when it is superheated 
at constant pressure to 270® C., assuming the mean specific heat of the 
superheated steam to be 0*55. (U.L.C.I.) 

36. In an experiment to determine the heat evaporation of water, 
steam is generated in a small boiler. The steam passes through a 
separator and the dried steam is then condensed in water contaihed 



404 ENGINEERING SCIENCE 

in a well-lagged calorimeter. Using such an apparatus the following 


figures were obtained : 

Temperature of steam - - - - - llO^C. 

Weight of water in calorimeter - - - 20 lb. 

Initial temperature of water - - - - 16^ 

Weight of water and condensed steam - - 20*5 lb. 

Final temperature of water - - - - 30'’ C’. 

Determine the heat of evaporation of the water. 

This figure was not accepted, and the following additional data was 
obtained : 

Weight of calorimeter - - - - - 5 lb. 

Specific heat of metal of calorimet(^r - - 010 

Re-calculate the heat of evaporation of the water. 

Assume that 1 C.H.U. is requir'd to change the temperature of 1 Ib. 
of water 1° C. throughout the temperature range. (U.E.l.) 


37. Steam is supplied to the nozzle box of a turbine at 350 lb. pis* 
sq. in. abs. and 150° F. superheat. There it expands to 35 lb. j)er sip in. 
abs. and 0*97 dry. 

Calculate : 

(a) the change in heat value ; 

(b) the change in volume ; 

(c) the increase in speed of the steam. 

Callendar’s equation for superheated steam is 

V = Lfpi (H - 835) approx. (W.S.) 

38. Describe briefly the changes that take place in water when it is 
heated in a closed vessel under constant pressure until it is converted 
into superheated steam. 

One pound of steam at 250 lb. per sq. in. abs. and 200‘ F. of super 
heat is expanded in a nozzle to 70 lb. per sq. in. abs. and 60° F. supi'i - 
heat. Calculate the heat drop and the speed of the steam at tlu* outli't 
from the nozzle. What is the possible power for a steam flow of 2 lb. /sec. 
if the whole of the energy were converted into work? (W.S.) 

Steam power plant, boilers and auxiliaries. 

39. Give a line diagram of a complete steam plant for modern power 

generation, and include the more important of the auxiliary units 
required for the operation of the plant. Give reasons for the inclusion 
of such auxiliaries as you mention. (W.S.) 

40. A boiler generates 7000 lb. of steam per hour at an absolute^ 

pressure of 160 lb. per sq. in. from feed water at 80° C. If the eflici(*n(*y 
of the boiler is 76*Jo, and the calorific value of the coal used is 8,100 
C.H.U. per lb., finil the number of pounds of steam gencTated per 
pound of coal consumed. The total heat of steam at 160 lb. pressure 
is 667-2 C.H.U. per lb. (U.L.C.l.) 
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41. Give a neat sketch (in two views) of either a smoke tube or a 
warer tube boiler, with an air preheater and a superheater as part of 
thf* assembly. Show clearly : 

(а) the position of the mountings, the pumps, and fan ; 

(б) the water and steam circuit; 

(c) the air and flue gas circuit. (W.S.) 


42. A boiler generates 9 lb. of dry saturated steam per lb. of fuel at 
an absolute pressure of 150 lb. per sq. in. from feed water at 21^ C. 
Temperature of steam at 150 lb. pressure = 181*3° C. Sensible heat of 
steam at 150 lb. pressure = 183*6 C.H.U. Latent heat of steam at 
150 lb. pressure = 482*9 C.H.U. If the calorific value of the fuel is 
7,500 C.H.U. per lb., what fraction of the heat of combustion is actually 
used in generating steam? (U.L.C.I.) 


43. In a boiler trial the following figures were obtained : 

Water evaporated per pound of coal - 8*6 lb. 

Temperature of feed - - - - 92*1° C. 

Temperature of steam - - - - 185*54° C. 

Products of combustion per poimd of 

coal burnt.26 lb. 

Temperature of boiler house - - - 17° C. 

Temperature of gases at base of chimney 283° C. 

Average specific heat of gases - - 0*246 

Heating value of coal used - - - 7,200 C.H.U. per lb. 

Draw up a heat balance sheet for the trial in the form as shown 
below, assuming that the steam is dry and saturated. 


Heat supplied.C.H.U. 

Heat converted into steam. 

C.H.U. 

Heat carried away by gases. 

.C.H.U. 


Heat not accoimted for . . 

...C.H.U. 


Temperature, 

Sensible heat. 

Latent heat. 

® C, 

1 

C.H.U. per lb. 

C.H.U. per lb. 

92*1 

9206 

544*00 

185*54 

188 07 

479*50 


44. A test of a boiler having a grate area of 210 sq. ft, and a heating 
surface of 4,963 sq. ft. gave the following results : fuel used per hour, 
4,490 lb. ; feed water used per hour, 40,360 lb. ; feed temperature, 
124° C. ; absolute boiler pressure, 164 lb. per sq. in. 

Determine (a) the ratio of heating surface to grate area. (6) The 
number of lb. of fuel burnt per sq. ft. of grate surface per hour. WTiat 
is the object of determining this information? (c) The number of lb. of 
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steam generated per lb. of fuel fired, and (d) the equivalent evaporation 
from and at 100° C. per lb. of fuel fired. The temperature of steam, 
sensible heat of water, and the latent heat of steam at 164 lb. per sq. in. 
abs. are respectively 186*3° C., 187*8 C.H.U. per lb. and 479*7 C.H.U. 
per lb. The latent heat of steam at 100° C. is 539*3 C.H.U. (or lb. 
calories) per lb. (U.L.C.I.) 

45. A steamer is to be supplied with boilers for engines developing 
4,000 H.P. The steam is to be at 350 lb. per sq. in. abs. and 680° F. 
The feed supply is at 140° F., and the coal used will have a calorific 
value of 13,200 B.Th.U. per lb. 

Calculate the total grate area, assuming the following conditions : 

(а) That the efficiency of the boiler and superheater is 78%. 

(б) That a firing rate of 22 lb. of coal per sq. ft. of grate area is 

permissible. 

(r) The engine consumption is 13 lb. of steam per H.P. hour. 

If the firing rate may bo increased to 28*5 lb. pen hour per sq. ft. of 
grate area, state the overload output of the boilers, assuming that the 
boiler efficiency would drop to 72 per cent. (W.S.) 

46. A Lancashire boiler supplies the whole of its steam at 180 lb. 
per sq. in. abs., and 0*98 dry to engines developing 620 I.H.P. ; the 
engines consume 19*2 lb. of steam per H.P. hour, with an exhaust of 
2*5 lb. per sq. in. abs. The temperature of the feed water to the boiler 
i^ 170° F. and the coal consumption is 1440 lb. per hour, of a C.V. 12,000 
B.Th.U. per lb. 

Calculate : 

(a) the efficiency of the boiler ; 

(b) the indicated thermal efficiency of the engines ; 

(c) the overall indicated thermal efficiency of the plant. (W-S*) 

47. A steam generating plant consists of economiser, boiler and 
superheater, with a total heating surface made up as follows: 1,650 
sq. ft. in the economiser, 3,000 sq. ft. in the boiler, ^tnd 1,700 sq. ft. in 
the superheater. Feed water enters the economiser at 85° F. and 
leaves at 200° F. ; the steam leaving the boiler is at a pressure of 220 lb. 
per sq. in. abs. and 0*97 dry, while on leaving the superfioat(»r the steam 
is at 690° F. The steam generated per hour amounts to 16,000 lb. 

Calculate the rate at which heat is transmitted in B.Th.U. per sq. ft. 
per hour in ea<;h of the three sections of the plant. 

Also determine the probable fuel consumption per hour (C.V. 13,500 
B.Th.U./lb.), if the efficiency of the plant is 78 per cent. (W.S.) 

48. A ship of 9,000 S.H.P. when hand-fired had a coal consumption of 
1*2 lb. per S.H.P. per hour when using coal with a calorific value of 
13,200 B.Th.U. per lb. 

The ship was then changed over to mechanical firing, wlien the con¬ 
sumption fell to 1*13 lb. per S.H.P. per hour, using the same coal. 
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Estimate: 

(a) the thermal efficiency in eaeh case ; 

(b) the saving in fuel cost on a journey of 14 days when the fuel 

costs 19/- per ton ; 

(c) the saving in bunker accommodation if one ton of coal occupied 

45 cu. ft. (W.S.) 

49. Write briefly on the advantages and disadvantages of using 
pulverised coal in (a) land, (6) marine plants. 

Give a line diagram of an installation for a land boiler. (W.S.) 

50. Explain the term “ regenerative condenser ”, illustrating by 
sketches. Show the path of the steaPA and the provision for the with¬ 
drawal of air from the condenser. 

INIake a general lay-out sketch showing the relation of the engine or 
turbine, the condenser, the hotwell, and the various pumps necessarj^ 
for these pieces of plant. 

Indicate the information required and the calculation necessary to 
obtain the quantity of cooling water required by a condenser. (W.S.) 

51. Make a sketch of a modem surface condenser. 

In a preliminary design for a power plant the following figures were 
available : Steam consumption, 30,000 lb./hr,; cooling water available 
in the summer months, 2,300 gallons per minute, at an average tempera¬ 
ture of 60® F. ; temperature difference between the steam entering the 
condenser and the cooling water leaving the condenser requir^ to 
be 10® F. 

Estimate the probable vacuum obtainable, aasuming that 1,000 
B.Th.U, are extracted from each lb. of steam condensed. 

If the cooling water supply in the winter time can be increased to 
2,500 gallons per minute at an average temperature of 48® F., estimate 
the effect on the vacuum. (W.S.) 

52. An air preheater is installed in a steam plant layout, and on test 
the following particulars were obtained : 

Temperature of air enfering heater - 60® F. 

Temperature of gases entering heater - 490® F. 

Temperature of gases leaving heater - 260® F. 

Quantity of air entering heater - - 18*8 Ib./lb, fuel. 

The calorific value of the coal was 13,800 B.Th.U. 

C’alculato : 

(<3f) Temperature of the air leaving the heater. 

(b) Percentage of the calorific value saved. 

Take specific heat of air, 0*24 ; and of gas, 0-26. 

Indicate by a line sketch where such a* preheater might be put in the 
plant lAyout, and state what additional plant may be requited on its 
installation. " (W.S.) 

2i> 
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The steam prime mover, performance and testing. 

53. Sketch in outline an eccentric, and describe briefly how the slide 

valve of a steam engine is operated. (U.L.C.I.) 

54. Illustrate with sketcheii the meanings of the terms outside lap, 
inside lap, lead and angle of advance as applied to the slide valve of a 
steam engine. 

The travel of a slide valve being 4 in., outside lap 0-75 in., and lead 
0*125 in. Find the angle of advance and the crank position at admis¬ 
sion. You may neglect the obliquity of the connecting rod. (U.E.I.) 

55. With the aid of sketches describe carefully what you understand 
by steam lap, exhaust lap, and lead with reference to a simple slide 
valve. 

In a simple slide valve the steam lap is 1 in., maximum opening to 
steam IJ in., lead J in. Determine the angle of advance of the eccentric. 

(U.E.T.) 

56. Make a sketch of a “ D ” slide valve for a steam engine showing 
its position, with regard to the cylinder ports, at the Point of release 
Indicate, for this position, the Erection of movement of the valve and 
the direction of movement of the piston. 

Obtain the outside lap of such a slide valve if the travel of the valve 
is 5 in., the angle of advance 30°, and the lead 0*25 inch. Neglect the 
obliquity of the connecting rod. (U.E.I.) 

57. Steam enters the cylinder of an engine at a pressure of 80 lb. per 

sq. in. abs. and is cut-off at 0-5 stroke. Assuming a back pressure of 
17 lb. per sq. in., draw to scale a hypothetical diagram for one strokes 
and find the theoretical moan effective pressure of the steam. Indicate 
by dotted lines how the theoretical diagram would be modified in 

practice. (U.L.C.I.) 

58. Choose some form of turbine with which you are familiar, describe 

as to a beginner the working of the turbine, explaining how the energy of 
the steam is transferred to the blades. Does your description apply to 
an impulse or reaction turbine? What is the difference betw(»en these 
types of turbine? (U.E.I.) 

59. Steam at an absolute pressure of 56 lb. per sq. in. is admitted to 

a cylinder of a non-condensing steam engine, and is cut-off at | stroke. 
Draw the hypothetical indicator diagram, and indicate by dotted lines 
on the diagram the modifications which might be expected in an actual 
diagram for the same initial pressure and cut-off. Briefly explain th(^ 
causes of the modifications. (U.L.C.I.) 

60. Given the boiler pressure to be 135 lb. per square inch gauge, 
back pressure 17 lb. per square inch absolute, cut-off 0*6 stroke, expan¬ 
sion according to Boyle’s law, draw to scale the theoretical indicator 
diagram for the engine. Find, in any way you please, the mean effective 
pressure on the piston. Denote on the diagram, using dotted lines, the 
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indicator diagram such as might be expected from a non^ipondensing 
steam engine fitted with* a slide valve, and describe what each part of 
the diagram means. (U.E.I.) ^ 

61. A steam engine has a piston 9 in. In diameter and a strok(^ of 

13 in. The engine is double-acting and makes 200 revolutions per 
minute. Calculate the indicated horse-power of the engine if the mid- 
ordinates of the indicator diagram are -52, *72, *76, -76, *71, *64, *52, 
•39, -30 and -22 in. respectively. The spring used gives a reading ot 
80 lb. per sq. in. to the inch. The output of the engine is measurfvi 
at the same time by means of a rope brake. Calculate the mechanieul 
efficiency of the engine if the pulls in the ends of the rope brake an 
400 and 20 lb. respectively and the ^'ffective diameter of the brak? 
wheel is 4 ft. (U.E.I.) 

62. A double-acting engine has a cylinder 12 in. in diameter, 16 in. 
stroke. The indicator cards taken during a test have an average area 
of 2*78 sq. in. and an average length 3-05 in. If the indicator spring I*. 
A and the speed of the shaft is 130 revs, per minute, calculate the 
I.H.P. 

The power developed was, on test, absorbed by a rope brake 
on the flywheel 10 feet diameter, the tensions at the two ends of th. 
rope being 630 lb. and 54 lb. Calculate the B.H.P. and the meclianical 
efficiency. (W.S.) 

63. From the initial steam pressure, back pressure and the point f>f 

cut-off, the mean effective pressure in a proposed engine cylinder is cal¬ 
culated to be 70 lb. per square inch. The calculation assumes that 
expansion of the steam takes place according to Boyle’s Law, and that 
clearance and other losses are neglected. Find the dimensions of h.iK h 
a double-acting stt^am engine cylinder (bore and stroke) to develof> 
40 horse-power with a piston speed of 600 feet per minute, the diagram 
factor being 0*7 and the revolutions of the engine crank shaft 120 
/ninute. (U.E.I.) 

64. Give a brief description, with the aid of sketches, of the con¬ 
struction of a steam engine indicator, and explain its use. (U.L.CM.) 

65. Give a neat sketch of the Prony type of brake and name all its 
parts. On a tost with this type of brake the net brake load was 45 lb. 
acting at a radius of 3 ft. ; the engine speed was 400 r.p.m. 

Calculate the B.H.P. being developed. 

The cooling water supply to the brake wheel was at 45° F.; tlic^ 
leaving temperature was 72° F., and the quantity supplied was 16.1 lb. 
per minute. 

Determine the percentage of the heat generated that was absorbed! 
by the cooling water, and the amount dissipated to the atmosphere. 

(W.S.) 
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66 . A pa^ddle steamer is driven by a simple ei^ine consisting of two 
double-actmg cylinders of 30 in. diameter and 4^2 in. stroke. On a test the 
following particulars were obtained : 

M.E.F. (from cards), 95 lb. per sq. in. 

Steam inlet pressure, 150 lb. per sq. in. abs. 

Cut-off, 0*7 stroke, r.p.m. 65. 

Back pressure, 6 lb. per sq. in. abs. 

Calculate : (a) the I.H.P.; 

(6) the diagram factor ; 

(c) the maximum force on the pistons. (W.S.) 

67. A single cylinder, double-acting steam engine has a cylinder of 
20-inch diameter and 28-inch stroke. The steam supply is at 180 lb. 
per sq. in. abs. dry, the exhaust is at 4 lb. per sq. in. abs., and the 
cmgine on normal load runs at 150 r.p.m. with cut-off at half-stroke. 
Allowing a diagram factor of 0*88, calculate the I.H.P. developed at 
normal load. 

Assuming the mechanical efficiency to be 85 per cent, and the actual 
steam consumption to be 150 per cent, of the theoretical steam con¬ 
sumption, determine the probable steam consumption in lb. per B.H.P. 
hour. (W.S.) 

Internal combustion engines, performance and testing. 

68 . Describe, with the aid of neat sketches, one and only one of the 
following: 

(a) A piston of the junk ring type with a single piston ring. 

(b) A Bourdon pressure gauge. 

(c) The method of governing a gas engine by the “ hit and miss ” 

method. (U.E.I.) 

69. Describe, with the aid of neat sketches, one, and only one, of 
the following ; 

(а) A spring-loaded or a dead weight safety valve. 

(б) A crank shaft bearing for a gas engine, provision being made 

for horizontal and vertical adjustment. 

(c) The rotor of some steam turbine with which you are familiar, 
and state the name of the turbine. (U.E.I.) 

70. State what you consider to be the most important properties of 
an oil fuel for an internal combustion engine. 

How is the oil fuel introduced, in a suitable state for combustion, to 
the cylinder of an I.C. engine ? 

Describe and sketch the fuel supply arrangements for a Diesel or any 
other type of oil engine. (W.S.) 

71. Describe briefly, with sketches, one method of governing gas 

engines ; state the ^vantage and disadvantage of the method des¬ 
cribed. » 

A single-cylinder single-acting gas engine, with a cylinder 9 in. diameter 
and 16 in. stroke, works at a certain lo^ with 92 explosions per minute.^ 
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The indicator diagrams show an average M.E.P. of 88 lb. per sq. in. 
during working cycles. 

Calculate the I.H.P. developed. ^ (W.S.) 

72. Write a brief note distinguishing between the purposes that a 
governor and a fi3rwheel serve. 

In the working of internal combustion engines explain briefly the 
function of the following ; 

Circulating pump ; air compressor ; fuel oil pump ; carburettor ; 
magneto. (W.8.) 

73. In a test on a four-stroke cycle gas engine the following figures 
were recorded : 

Diameter of cylinder - - - - 8J in. 

Length of stroke.18 in. 

Area of indicator diagram - - - 0-546 sq. in. 

Length of diagram - - - - - 1-8 in. 

Scale of spring.afio 

Explosions per minute - - - - 90 

Calculate the indicated horse-power of the engine. If the mechanical 
efficiency is 0*79, what would be the brake horse-power? (U.E.I.) 

74. Explain the cycle of events that occur in a gas engine working 
on the “ Otto ” cycle. 

Find the indicated horse-power of a four-stroke gas engine running 
at 240 revolutions per minute, if the mean effective pressure during 
the working stroke is 70 lb. per sq. in., the diameter of the cylindtT 
8 in., and the stroke 15 in. Assume an explosion to be missed m every 
bix cycles. (U.L.C.I.) 

75. Sketch the form of indicator diagram you would expect to obtain 
from a single cylinder gas engine working on a four-stroke cycle when 

^ running under normal conditions. 

In a test on a gas engine working on the four-stroke cycle the follow¬ 
ing data were obtained : 

Revolutions per minute - - - 240 

Effective load on brake - - - 63-5 lb. 

Effective diameter of brake wheel - 4-56 feet 

Gas consumption - - - - 212 cub. ft. per hr. 

Jacket water used . - - - 920 lb. per hr. 

Rise in temperature of jacket water 18® C. 

Calculate: / 

(1) The brake horse-power of the engine. 

(2) The gas consumption per brake horse-power per hour* 

(3) The heat lost to the jacket water per hour. (U.E.I.) 

76. Describe, with reference to any form of oil engine, how the fuel 
is introduced to the cylinder in a suitable state for combustion. 

An oil engine working on the two-stroke cycle has six cylinders witli 
a cylinder diameter of 16 in. and a stroke of 22 in. The M.E.P. during 
a cycle is 82 Ib./sq. in. approx., when running at 300 r.p.m. The fuel 
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consumption amounts to 760 Ib./hr., the calorific value being 19,000 
B.Th.U./lb. 

Calculate ; (a) the H.P. developed ; 

(6) the thermal efficiency. (W.S.) 

77. Describe, giving sketches of the indicator diagrams obtained, the 
four-stroke and the two-stroke cycle Diesel engines, using air injection. 

If an oil engine uses 0*39 lb. of oil per B.H.P. hour, of a calorific value 
19,200 B.Th.U. per lb., determine the thermal efficiency of the engine*. 

(W.S.) 

78. Describe, with illustrations of typical indicator diagrams, the' 
‘-t qiience of operations in the four-stroke and the two-stroke cycle 
Diesel engines. 

An oil engine using oil of a calorific value of 19,000 B.Th.U./Ib. 
Ti ‘quires 0*43 lb. of oil per B.H.P. hour. Determine the thermal efficiency 
of the engine. (W.S.) 

79. What is meant by the terms “ mechanical equivalent of heat ” 
and indicated thermal efficiency ”? 

State the heat value of the work done by an engine of 5 H.P. when it 
rans for one hour. 

One lb. of fuel oil has a calorific value of 20,000 B.Th.U. per lb. An 
engine converts ^ of the heat supplied to it by this fuel into work. 
Determine the amount of oil required per hour if the engine develops 
10 H.P. 

An oil engine develops 20 H.P. and uses 8*8 Ib. of oil per hour of a 
calorific value 19,500 B.Th.U. per lb. What is its thermal efficionev? 

(W.S.) 

80. A motor-car has a four-cylinder engine working on the four-stroke 
<*yf*le, with cylinder diameter 3*4 in. and stroke 5 in. When travelling 
at 35 miles per hour the engine speed is 1,800 r.p.m. and the probabh' 
M.E.P. is 87 Ib./sq. in. The petrol u.sed has a calorific value of 19,0p0 
J^.Th.U./lb., a specific gravity of 0*80, and costs Is. 6 Jd. per gallon. 

K 'alculate : 

(a) the I.H.P. developed ; 

(b) the cost of fuel per mile, assuming the indicated thermal 

efficiency at 20 per cent. (W.S.) 

81. A combined gas engine and producer plant gave, on test, the 
f< >llowing particulars : 

Producer : 

Coal consumption—42 lb. per hour. 4 

Calorific value of^the coal—13,100 B.Th.U. per lb. 

Gas generated —66 cub. ft. per lb. coal. 

Calorific value of the gas—180 B.Th.U. per cub. ft. 

Engine : 

Speed—220 revs, per minute. 

Explosions—82 per minute. 
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M.E.P.-~94 Ib./in.*. 

.lackot water—36 lb. per minute, with a temperature rise of 72® F. 

Horse power developed—58 B.H.P. 

The (^ngino has cylinders of 15 in. boro and 22 in. stroke. 

Draw up a heat balance for the plant, and state the overall thermal 
efficiency. (W.S.) 

82. A Diesel oil has the following percentage composition ; C, 86 ; 
Hg, 12. Determine the minimum weight of air necessary for the 
combustion of one pound of the oil. 

On a test of a semi-Diesel engine for a motor launch using this oil an 
analysis showed that the air passing into the cylinders was 2J times the 
tlu'oretical quantity. 

Calculate the heat being carried off by the products of combustion 
and by the excess air per pound of fuo*, when their temperature was 
920® F. The air inlet temperature was 55° F. Take the specific heat 
of air as 0*24 and of the products of combustion 0-25. 

Tf the engine gen(*rated 201.H.P. and the fuel consumption was 8-2 lb. 
of oil per hour with a C.V. of 19,200 B.Th.U. per lb., draw up a simple 
heat balance sheet. (W.S.) 

83. A marine Diesel engine, working on the single-acting four-stroke 
cycle, has 8 cylinders, each 22-ineh diameter and 38-inch stroke. Dur¬ 
ing a trial the following particulars were obtained: M.E.P., 105 lb. pef 
sc|. in. ; r.p.m., 120 ; brake torque, 58,000 lb. ft. ; fuel consumption, 
9-9 lb. per minute with a ealonfie value of 19,500 B.Th.U. per lb. ; 
exhaust temperatiw', 650" F. ; air inlet temperature, 60"' F. ; exhaust 
gases per lb. of fuel, 30 lb. ; specific heat of the gases, 0*25 ; coolmg 
water used, 470 lb. per minute with a temperature rise of 125° F. 

Calculate : (a) the J.H.P. d(‘veloped ; 

(6) the B.H.P. ; 

(c) the brake thennal efficiency ; 

(d) a heat balance on the basis of one minute. (W.S.) 

84. A rail car is driv^en by a Diesel engine which is coupled direct to 
a generator, which in turn supplies the current to motors geared to the 
driving axles. 

The weight of the ear is 35 tons. When travelling at 45 miles per 
hour on the level the total active resistance is 18 lb. per ton, the fuel 
consumption is 43 lb. per hour, and the generator output is 375 amp. 
at 160 volts. Taking the calorific value of the oil as 19,000 B.Th.U./lb., 
calculate : 

(a) The thermal efficiency of the combined engine and generator. 

(b) The efficiency of the combined motors and gears. 

(c) f The fuel cost per H.P. hour expended at the rail. 

The oil costs 6d. per gallon and its specific gravity is 0*82. (WJ^k) 

85. A lorry is fitted with a four-cylinder petrol engine working on the 
four-stroke cyc^e ; the cylinders are 3*2 in. diameter and 4-8 in. stroke. 
The top gear ratio i.s 5*4 and the road wheel diameter 26 in. When the 
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enji;ine is miming at 2»200 r.p.m. the mean effective pressure is 74 lb. 
per sq. in. and the fuel consumption amounts to 1*88 gallons per hourl 


Calculate : (a) the I.H.P. ; 

(6) the indicated thermal efficiency ; 

(c) the road speed in miles per hour ; 

(d) the mileage per gallon of fuel. 

Take the specific gravity of the fuel as 0*77 and the C.V. as 19,500 
B.Th.U. per lb. (W.S.) 


ELECTROTECHNICS 
The dectric circuit. Electrolysis. Ohm's law. 

1 . State the laws of electrolysis, and describe how you would verify 
them experimentally. 

Calculate the weight of copper which would be deposited in a refining 
vat in a day by a current of 2,000 amperes, if the electrochemical 
equivalent of the copper was 0-00033. (l.Mecli.E.) 

2. State Faraday’s laws for determining the weight of a substance* 
deposited in an electrolytic cell. 

In^a copper refinery, copper is deposited on the cathodes witli a 
current density of 0-02 ampere per cm.*. Find approximately the tinu* 
needed to deposit a layer of copper on the cathode 1 cm. thidic. The 
density of copper may be taken as 8-9 gm. per cm.®, and the electro¬ 
chemical equivalent = 0-000328 gm. per coulomb. If 0-3 volt i.s needi*d 
to send the current through the cell, find the number of kilowatt-hours 
needed to deposit 1 kilogram of copper. (T.E.E.) 

3. Describe the general construction and give the simple theory of 
action of the lead accumulator. 

What are the indications that an accumulator which is on charge is 
fully charged? (U.E.l.) 

4. State Ohm’s law, and show that if it is to be expressed in as 

simple a form as possible the units of current, electromotive force and 
resistance must bear a certain relation to each other. A cell H<»nds a 
current of 0-06 amperes through a resistance of 24 ohms, connecting its 
terminals, but only 0-08 amperes through a resistance of 15 ohms. 
Explain this effect, and give any further details as to the cell whic*h 
may be deduced from it. (l.Mech.E.) 

5. The electromotive force at the tt*rminals of a voltaic cell which is 

sending a current of 0-030 amperes through a wire r(*sistance connect¬ 
ing the terminals is 0*96 volt. When the wire is disconnected from th(^ 
terminals the electromotive force is foimd to be 1-10 volt. How do you 
explain this? (l.Mech.E.) 

^ 6. A cell of electromotive force 1*45 volts and internal n^sistanco 
3 ohms sends a current through a wire of resistance 6 ohms. How 
muoh is the electromotive force at its terminals reduceeWn consequence, 
and to what extent is the reduction permanent? (l.Mech.E.) 
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7. What is Ohm’s law? 

Two lengths of cable of resistances 0*25 and 0*35 ohms are available 
for transmitting 100 amperes from one point to another of an electric 
circuit. Calculate the electromotive forces which will be required in 
case (a) either cable is used alone, (6) they are connected in series, 
(c) they are connected in parallel. (I.Mech.E.) 

8. An electric circuit is made up of three resistances of 2 ohms, 

3 ohms, and 6 ohms respectively, joined in parallel, this group being 
joined in series with a group of two resistances of 4| ohms and 14 ohms 
respectively joined in parallel. The complete circuit is then connected 
to a cell having an o.m.f. of 1*2 volts and an internal resistance of 
0*5 ohm. Find the value of the current in the cell, and in the 6-ohm 
and 14-ohm resistances respectively. Calculate the terminal potential 
difference of the cell. (U.L.C.I.) 

9. On what factors does the resistance of any electrical conductor 
depend? A certain wireless valve requires a current of 0*1 ampere at 
3-7 volts. The only electrical supply available is at 4 volts, so that a 
resistance is connected in series with the valve. 

German silver^wire is available having a diameter of 0*45 mm. If 
the specific resistance of this German silver is 31 microhms per cm. 5ube, 
what length of it will be roquire<l to form the necessarv resistance ? 

(U.L.C.I.) 

10. An electric radiator is required to dissipate 1 kW. when connected 

to a 230-volt supply. If the coils of the radiator are made of wire 
0*5 mm. in diameter having a specific resistance of 60 microhms per 
cm. cube, estimate the necessary length of wire. (I.E.E.) 

11. What is meant by (a) the specific resistance of a conductor, 
(b) the temperature coefficient of a conductor? 

The resistance of copper at 15° C. is 1-68 microhm^ per cm. cube. 
What is the n^sistance per inch cube at this temperature? 

At a temperature of 20-5° C. the resistance of the armature of a 
certain continuous current generator is 0*046 ohm. After running 
under load the resistance bixjomes 0*052 ohm. If the temperature 
coefficient of the material is 0*004 per Cen. degree, what is the rise of 
temperature of the armature? (U.L.C.I.) 

12. The current through a copper field coil at 15° C. was 2*0 A. when 
the applied pressure was 200 V. After a six-hour run the current had 
fallen to 1*82 A., the pressiue remaining the same. Calculate the mean 
temperature of the coil. (Temperatiue coefficient of copper = *0043.) 

(U.E.L) 

13. When first connected to a 100-volt circuit a cot ton-covered 
copper coil impregnated with insulating compoimd carries a current of 
4*0 amperes, but after several hours the current is found to have fallen 
to 3*0 amperes. Calculate approximately the mean temperature rise 
of the coil given'that the temperature coefficient of copper is 0*00428 
per ° C. 'V^y is it necessary to limit the temperature rise in electrical 
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apparatus? Would you consider the temperature rise of the above coil 
a permissible one? Take the initial temperature as 16® C. (U.E.I.) 

Heating effect. Electrical power. 

14. Define : (a) Calorie, (6) Watt, (c) Joule. 

A coil of wire is immersed in 145 gm. of water at 12® C. contained in 
a calorimeter (water equivalent 5 gm.). A constant current was passed 
through the coil and the following results obtained : 

Current.2-15 A. 

P.D. between coil terminals - - . 5 0 V. 

Time the current was flowing - - - 5 min. 30 sec. 

Final temperature of water - - - 17*5° C. 

Assume no loss of heat and calculate the experimental value for the 
number of Joules, ('quivalent to one calorie. (U.E.I.) 

15. An electric kettle is found to boil one-quarter gallon of water 
from 15° C. in 12 min. when taking four amperes from 220-volt mains. 
Calculate the efficiency of the kettle and the cost per boil if th(' charge 
for electricity is Id. per kWh. (1 C.Th.U. = 1,400 ft. lb.) (U.E.I.) 

16. What is meant by a joule of work, and what relationship exists 
between a joule and a foot poimd of work? How many joules of work 
are necossaiy’’ in orden* to produce a gram calorie of heat ? 

A copper kettle heated electrically contains a pint of water. Explain 
in detail the method you would use. the readings you would taki', and 
the calculations you would mak(‘ in order to determine (a) the numbcT 
of foot-pounds of work which must be done by the electricity in order 
to boil the pint of water, (b) the efficiency of the kettle. (U.L.C.I.) 

17. A 7 kilowatt electric water heater contains 20 gallons of water at 
15° C. Assuming that 20 per cent, of the heat developed is lost, cal¬ 
culate the mean temp('rature of the water to the nearest degree C. one 
hour after switching on. 

(1 gallon of water weighs 10 lb. ; 1 1157=454 gm. ; Joule’s equi¬ 
valent—4*2.) (U.E.I.) 

18. A small storage battery which has an average* e.in.f. of 6*6 volts 

and a resistance of 0 02 ohm whilst charging is connected in series with 
a suitable resistance across 110 volt mains. The battery is charged at 
an average rate of 4 amperes for 15 hours. D(*t(*rmine (a) the value of 
the series resistance, (6) the cost of charging tlu* battery at 4d. per 
kWh, (c) the percentage of the energy taken from the mains which is 
wasted in series resistance. (U.L.C.I.) 

19. The heating coil of a hot plate intended for a 220-volt circuit has 

a resistance of 90 ohms when hot, and that of another for a 200-volt 
circuit has a resistance of 80 ohms when hot. Compare (a) the currents, 
(b) the heat generated in the two. (I.Mcch.E.) 

20. An electric immersion heater can bring a pint of water from 
16® C. to boiling point in 8 minutes, the efficiency of conversion being 
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85 per cent. Find the resistance of the heating element for a 230-volt 
circuit and the cost of the operation at Jd. per unit, given that a pint 
of water weighs 566 gm. and that 4*2 joules is the equivalent of 1 calorie. 

(I.E.E.) 

21. Determine the number of joules equivalent to one Board of Trade 

unit. If in charging an accumulator the e.m.f. increases uniformly from 
2 to 2-25 volts in 12 hours at 10 amperes, and the cell discharges from 
2*2 to 1-95 volts in 8 hours at 12 amperes, calculate the energy, both in 
watt hours and in ft. lb., put into and given out by the cell. What is 
the efficiency of the aecumiilator? (U.L.C.I.) 

22. Two resistances A and B are connected in parallel and this com¬ 

bination is connected in series with a resistance of 84 ohms. The 
circuit thus formed is connected to a 100 V. supply. The current 
through the resistance A is 0*8 A. aiid that through the 84 ohm resist¬ 
ance is 10 A. Draw a connection diagram, and calculate (a) the value 
of the resistance B ; (b) the quantity of heat developed per min. in the 
84-ohm resistance. (U.E.I.) 

Magnetism and electromagnetism. 

23. What is a unit magnetic pole? 

A unit north pole is placed on the axis of a magnet of magnetic 
h^ngth 12 cm. and magnetic moment 60, at a point 18 cm. from the 
centre of the magnet so as to have the north pole of the magnet nearer 
to it than the south. Find the force on the unit pole. (l.Mech.E.) 

24. State the laws of action of magnetic poles on each other, and 
cU'seribe how you wo\ild verify them by measurement. 

A north pole of strength 6 is placed on the axis of a magnet at a 
])()int 15 cm. from its centre. Find the force on the pole if the poles of 
the magnet are of strength 5 and its magnetic moment is 30. 

(l.Mech.E.) 

25. Show by diagrams the nature of the magnetic field about (a) a 

long straight conductor, (6) a comluctor bent into a circle of radius 
8 cm., when the same current flows through each. Determine tht* 
relation between the fields 8 cm. from the straight conductor and at 
the centre of the circle. (l.Mech.E.) 

26. Describe one form of electromagnet used in industry, stating 
what purpose it serves, and explaining on what its strength depends. 

(l.Mech.E.) 

27. What is meant by the permeability of a sample of iron? Is the 
permeability of iron constant ? If not, on what value does it depend ? 

An iron ring has a moan magnetic length of 30 cm. and a cross- 
section of 1*5 sq. cm. The ring is uniformly woimd with 120 turns of 
insulated wire, and it is found that a current of 1-2 amperes through 
the wire produces a total magnetic flux of 12,500 lines in the ring. 
Determine the value of the permeability of the iron. (U,L.C.I.) 
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28. What is meant by the term magnetising force as applied to 
magnetic circuits? 

A certain closed iron core has a magnetic length of 100 cm. and a 
cross-sectional area of 40 sq. cm. It is found that with ^ flux density 
of 6,000 lines per sq. cm. the permeability of the iron is 2,500. What is 
the magnetic reluctance of the core and how many ampere turns are 
required on the core when the flux density in the same is 6,000 lines 
per sq. cm. ? (U.L.CJ.) 

29. What is understood by magneto-motive force ? 

A cast steel ring has a moan diameter of 25 cm. and a cross-sectional 
area of 5 sq. cm. It is uniformly wound with 500 turns and has a radial 
air gap of 0*3 cm. Neglecting leakage and fringing, calculate the 
current required to establish a flux of 65,000 lines. 

(Take the permeability of the steel at this flux density as 800.) 

(U.E.I.) 

30. A steel ring has a mean circumference of 60 cm. and a sectional 

area of 4 sq. cm. It is wound uniformly with 1,60Q turns and has an 
air gap of 0*2 cm. Neglecting fringing at the air gap, calculate the 
current required to establish a flux of 40,000 lines. (Permeability of 
the steel under the above conditions = 1,000.) (U.E.I.) 

31. An iron ring has a mean circumference of 46 cm. and a cross- 

sectional area of 5 sq. cm. It is uniformly wound with 200 turns. 
When the exciting current is 1 amp., the flux in the ring is 24,000 lines. 
Calculate : (a) the permeability of the iron ; (6) the current required 
to establish the same flux when a rcidial air gap of 0*2 cm. is made in 
the ring. (U.E.I.) 

32. Show the similarity, and also the difference, between the electric 
•circuit and the magnetic circuit. 

A solenoid 1 metre long and 2 cm. diameter is uniformly wound with 
one layer of covered wire, 1 millimetre diameter over the covering. 
How many lines of force are produced through the centre of the solenoid 
when the ciirrent flowing through each turn is 0*75 ampere? 

If a rod of cast iron of permeability 440 is placed inside the centre of 
the solenoid, what is the new value of the flux density at the centre? 

(U.L.C.l.) 

33. How is the electromagnetic unit of current deflned, and how* is 
the practical imit derived from it? Show that the units of electro¬ 
motive force have been so deflned as to make the expression for the 
work done in a circuit in a second as simple as possible. (I.Mech.E.) 

34. A specimen of iron of square section is made into a ring of internal 
diameter 16 cm. and external diameter 17 cm. The ring is wound 
uniformly with 200 turns of insulated wire, and a current of 4 amperes 
is passed through the coil thus formed. What is the value of the 
magnetic flux in the iron? 
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Th6 figures below were taken from a B-H curve of the specimen : 

H • b 10 15 20 25 

B • 11,000 13,500 14,700 15,300 15,900 

(U.L.C.I.V 

Oeneratioa of electrical power. Moton. 

35. Write down the terms Force, Quantity, Power, Work as headings 
and then arrange the following units each under its correct heading: 
erg, dyne, kilowatt, horse-power-hour, foot-pound,^^ ampere-hour, 
kilowatt-hour, watt, coulomb, joule. 

If a dynamo is delivering power equal to 75 x 10* ergs per second, 
what is the value of the current flowing if the potentiid difference at 
the dynamo terminals is 120 volts? (U.L.C.I.) 

36. A shunt wound dynamo is suppl 3 ring 5 kW. at 50 amperes to an 

external circuit. The resistance of the i^unt coils of the dynamo is 
97 ohms, and the p.d. at the terminals is fi of the e.m.f. generated. 
Determine (a) the volts lost in the armature, (6) the resistcmce of the 
armature, (c) the ratio of the power used in the external circuit to total 
power generated. (U.L.C.I.) 

37. Define the Joule, and calculate the relation between it and the 
foot-pound. 

An effective load of 3 tons is raised vertically at a uniform speed of 
22 ft. per min. Assume the overall efficiency of the motor and gearing 
to be 56 per cent., and calculate the input to the motor in kilowatts. 

(U,EX) 

38. A motor-driven water pump delivers 18,000 gallons per hour 

against an effective head of 44 feet. The motor takes 37-3 A. at 200 V. 
Calculate (a) the overall efficiency and (b) the cost of pumping 6,000* 
gallons if electrical energy costs l|d. per B.O.T. unit. (U.E.I.) 

39. Define : (a) gram-calorie ; (6) the c.G.s. unit of force ; (c) horse¬ 
power. 

An electrically-driven piunp delivers 66,000 gallons of water per 
hour through an effective height of 42 ft. The combined efficiency of 
th(' motor and pump is 70 per cent, and the supply pressure is 400 volts. 
Calculate : (a) the B.H.P. developed by the motor; (6) the current 
taken by the motor. (U.E.I.) 

40. State fully what is meant by a kilowatt-hourjn 

A certain electric motor delivers 5 B.H.P. with an efficiency of 74*6 
per cent. If the motor is run from 500 volt supply, determine (a) the 
value of the current taken by the motor ; (6) the cost of running the 
motor for eight hours at 2d. per kWh, (U.L.C.I.) 

41. An electric motor is required to lift a load of one ton vertically 

through a distance of 50 ft. in 20 sec. If the efficiency of the motor is 
85 per cent, an;^ the gearing through which it works has an efficiency 
of ^ per cent., oaUculate (a) the B.H.P. of the motor, and (6) the current 
which it takes from the 220-volt supply mains. (U.E.I.)* 
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42. Prove that 1 horse-power is equal to 746 watts. (1 foot = 30*48 

-cm. ; 1 lb. = 453*6 gm.) A tram-car weighing 8 tons requires a tractive 
-effort of 10 lb. per ton when running at 20 miles per hour. Assuming 
an overall efficiency of 50%, estimate the current taken by the tram- 
ear when running at the above speed along a level track. The p.d. 
applied to the motors is 550 volts. (I.E.E.) 

43. What is the principle of action of a continuous current motor? 

What factors <}etermine the speed at which the armature of a con¬ 
tinuous current shxmt wound motor rotates ? Why does such a motor, 
when supplied at constant voltage, run slower if the magnetism of tlu' 
field is increased? (U.L.C.I.) 

44. Explain what is imderstood by the back e.m.f. of a motor, and 

give all the factors upon which its value depends. Explain clearly why 
the speed of a shunt motor increases when more resistance is insertc*d 
in the field circuit. (U.E.I.) 

45. Explain why an e.m.f. Is produced in the armature of a dynamo 
when rotating. 

The output of a compoimd wound dynamo is 180 kW. at a terminal 
pressure of 600 volts. The resistance of the armature is 0*0042 ohm, 
and that of the scries winding 0 0008 ohm. The shunt winding whicli 
is connected across the main terminals has a resistance of 53 ohms. 
Determine (a) the shimt field current, (6) the armatiue cxurent, (c) the 
total power generated. (U.L.C.I.) 

46. What is meant by the back e.m.f. of a motor, and on what 
factors does the value of this e.m.f. depend? A certain conductor on 
a motor armature is 30 cm. long, and it is placed at right angles to a 
imiform magnetic field of strength 8,000 lines per sq. cm. If the 
current through the conductor is 50 amperes, what is the force in lb. 
acting on the conductor at right angles to its axis ? 

(981 dynes = 1 gm. ; 453*6 gm. = 1 lb.) (U.L.C.I.) 

47. Determine the diameter of a copper cable required to feed a 

25 B.H.P. working with an efficiency of OO^Jo S'^d taking current at 
400 volts. The p.d. at the generator end is 410 volts, and the distance 
between the generator and motor is 100 yards. The specific resistance 
of copper may be taken as 0*7 microhms per inch cube. (U.L.C.I.) 

IzistnimentB. 

48. Describe an instrument suitable for measuring an electric current 
of 5 amperes, and explain the principle under which it acts. (I.Mech.E.) 

49. Describe the tangent galvanometer and explain why its coil 
must be set up in a particular plane, and how the deflection then 
obtained depends on the current through the instrument. 

If on smding a current through the instrument no deflection .were 
obtained, how would you determine the cause? (I.Mech.E.) 
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50. Describe, giving diagrams, a moving coil voltmeter suitable for 
jomparing the electromotive forces of storage cells, and explain how 
its indications depend on the electromotive forces applied to it. 

(U.L.C.I.) 

51. Explain how damping is usually obtained in moving coil instru¬ 
ments. 

A moving coil instrument requires a current of 0*01 A. to give a full- 
scale deflection. Given that the resistance of the coil is 40 ohms, 
calculate the resistances required to make the instrument read as (a) a 
voltmeter, range 0 to 10 V., (6) an ammeter, 0 to 10 amp. (L^.E.I.) 

52. Describe, with the aid of sketches, the essential differences 

between moving coil and moving iron instnunents and explain the 
mechanism by which damping is usually effected. (U.E.L) 
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temperature, 68. 

Absorption dynamometer, 191. 

Aeciimulator, 265, 288. 

Adiabatic expansion, 75. 

Admission of steam, 174. 

Air ejector, 113. 
preheater, 113, 133. 
pump, 109. 

Alternate-side firing, 5. 

Alternating current, 370. 
wave form, 373. 
period, 371. 

Ammeter, hot wire, 366. 
moving coil, 363. 
mov'ing iron, 365. 
soft iron, 365. 

Ampere, 283, 289, 331. 
international, 283, 289., 
turns, 331. 

Ampere’s rule, 286, 308. 

Anglo of advance, 175. 

Anode, 282. 

Anthracite, 52. 

Anti-fluctuator, 233, 

Armaturc\ 341, 343, 
magnetic, 324. 

Atom, 35. 

Atomic weight, 36. 

Atomiser, 260. 

Avogadro’s law, 46. 

Back e.m.f., 350. 

Back-fire, 237. 

Barometer, principle of mercury, 30. 

Bearing, 165, 232, 257. 

Bituminous coal, 62, 


Blod steam, 114, 214 
Blow-off valve. 142. 

Board of Trade unit (B.O.T.), 51, 332 
Boiler, 107, 112, 116. 
calculations, 146. 
fire-tube, 116. 
l..ancashire, 121. 

Marcet, 85. 
mountings, 141. 
stop valve, 109, 141. 
transmission of heat in a, 116. 
water tube, 116, 122. 
water tube model, 123. 

Boiling point, 23. 

and higher fixed point, 8. 
variation wdth pressure, 84. 

Boyle’s Law, 64. 

Brake, horse power, B.H.P., 191, 202, 
243. 

hydraulic, 203. 

thermal efficiency, 206, 230, 243. 
Briquettes, 53. 

British Thermal Unit (B.Th.U.), 
289. 

Cadmium cell, 287. 

Callendar’s apparatus, modified, 49. 
Calorie, gram, 15. 
pound, 15. 

Calorific intensity, 39. 

Calorific value, 38. 

from chemical composition, 
gross, 40, 45. 
measurement, 39. 
net. 40. 

of gaseous fuels, 45. 
of solid and liquid fuels, 42. 
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Calorimeter, separating, 91. 
throttling, 91, 93. 
water equivalent of, 16. 

Cam shaft, half-time, 232. 

Car engine, 264. 

Carburettor, 261. 

Cathode, 282. 

Cathode Ray Oscillograph, 371, 373. 

Cell, primary, 286, 287. 
nickel-iron-alkali, 288. 
lead-acid, 288. 
secondary, 288. 

Centigrade scale, 7. ' 

unit of heat, 16. 

Chain grate stoker, 134. 

Change of state, 22. 

Characteristic equation of a gas, 71. 

Characteristics of generators, 343. 
of motors, 351, 352. 

Charcoal, 53. 

Charles’ Law, 67. 

Chemical combination, laws of, 35. 

Chemical energy, 288. 
equivalent, 283. 
symbols, 36. 

Circuit, breaker, 301. 
closed, 337. 
electric, 289. 
external, 287. 
magnetic, 325, 330. 
open, 294. ' 
power in a, 28^. 
short, 301.V 

Circulating pump, 109, 113. 

Clark cell, 287. 

Clearance space, 171, 232. 

Closed-feed i^stem, 110. 

Coefficient of expansion, linear, 10. 
superficial, 10. 
cubical, 10. 

Coil and battery ignition, 265. 

Coke, 53. 

Coking stoking, 5. 

Combustion, 2. 
control of, 4. 
equations of, 37. 
efficiency of, 41. 


Combustion, spontaneous, 3, 

Commutator, 346. 

Compound, 1. 
generator, 345. 
motor, 352. 

Compounding, 187, 189. 

Compression, curves, 76. 
effect on efficiency, 246. 
ratio of, 75, 230. 
stroke, 231, 236, 241. 

Condensation in cylinder, 186. 

Condenser, 109, 112, 136. 
evaporative, ISQ. 
jet, 138, 

regenerative, 137. 
surfat'e, 113, 136. 

Conduction, 146, 117. 

Conductivity, 117, 295. 

Conductors, as a closed circuit, 337. 
cutting lines of force, 336. 
force acting on, 326. 
parallel, 355. 

Connec'ting rod, 109, 160, 164, 232, 
257. 

Consequent pole^ 310. 

Conservation of matter, 62. 
of energy, 62. 

Contra-flow principle, 45, 115, 131. 

Convection, 116, 119. 

Cooling curve, 27. 

Cork Screw Rule, 320. 

Coulomb, 283, 331. - 

Crank, 109, 160, 232. 

Crank shaft, 160, 164, 256. 
mechanism, 168. 

Crosshead, 109, 160, 163. 

Current, alternating (A.C.), 370. 
chemical effect of, 282, 284. 
control, 291. 
effects of a, 282. 
electric, 281. 
heating effect, 297. 
induced, 3^ 
magnetic e|^t of, 305. 
imit of, 309, 327. 

Cushioning, 176. 

Cut-off, of steam, 175* 
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Cycle, of A.C., 371. 

Cycle of operation, 230. 
const, volume, 247. 
const, pressure, 247. 
dual, 247. 

four-stroke or Otto, 231. 
two-stroke, 231, 252. 

Cylinder, 109, 168. 
condensation, 186. 

Damper, 142. 

Daniell cell, 287. 

Deaerator, 112, 114. 

Deflecting force, 311. 

Density of a gas, 46. 

Detonation, 6. 

Diagram factor, 171. 

hypothetical, 171. 

Diesel engine, 247. 
const ru(‘tion, 254. 
four-stroke, 247. 
indicator cards, 251, 
two-stroke, 252. i 
Diffusion, 72. 

Divided touch, method of, 312. 
Double-acting engine, 161,i 
Drip-feed pump, 112. 

Draught, for<*o<!fJ 6. 
induced, 5. 
natural, 4. 

Dryness fraction, 81. 

determination of, 91, 

Dynamo, 290. 

Dynamometer, absorption, 191. 

transmission, 191. 

Dyne, 308. 

Eccentric, 160. 

and rod, 162. 

Economiser, 112, 130. 

Efficiency, brake thermal, 206, 230, 
243. 

engine, 205. 
indicated thermal, 206. 
mechanical, 191. 
of combustion, 41. 
of generators, 342. 


Efficiency, steam engme, 166 
thermal, 41, 64, 230, 

Ejector, air, 113. 

Electro-chemical equivalent, 286. 
Electrodes, 282. 

Electrolysis, 282. 

Faraday’s laws of, 283. 
of water, 284. 

Electrolyte, 282, 288. 

Electromagnet, 313, 323. 
Electromotive force (e.m.f.), 285. 
absolute umt of, 337. 
back, 350. 

principles of generation, 336. 
Electroplating, 283. 

Element, 1. 

Energy, 326. 

conversion of, 282, 348. 
conservation of, 62. 
drop, or heat drop, 219. 
electrical, 281, 348. 
mechanical, 290. 
umt of, 51. 

Engines, car, 264. 
cold-startmg, 250. 
compression-ignition, 246. 

Diesel, 247. 

external combustion, 107, 158. 
gas, 231. 

harmonic mduption, 261. 
heavy oil, 246. 
internal combustion, 107. 
low-compression, 247. 
petrol, 261. 
senu-Diesel, 247. 
using waste gas, 239. 

Equations of combustion, 37. 

Erg, 326. 

Evaporation, equivalent, 146. 

heat necessary for, 23, 24. 
Evaporative capacity of boilers, 146, 
Evaporator, 112. 

Exhaust, 176. 
lap, 176. 

stroke, 231, 237, 241. 
valve, 231, 232, 248. 
valve setting, 241. 
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Expansion, adiabatic, 75. 
coetficiont of, 10. 
curves, 76. 
hyperbolic, 65. 

I.C. engine, 231, 237. 
isothermal, 65. 
of solids, 11, 
of steam, 175. 
ratio of, 75, 170, 187. 
triple and quadruple, 112. 
value of, 185. 

Explosion stroke, 231, 237, 241. 

P''ahrenheit scale, 7. 

Feed check v’alve, 110, 141. 
pump, 108, 112, 115. 
tank, 110. 

water heater, 112, 115. 

Field, magnetic, 305, 308, 319, 321, 
325, 336. 

Fire-tube boiler, 116. 

Fleming’s Loft Hand Rule, 349. 

Right Hand Rule. 336, 337. 
Fl3rwhoel, 161, 233. 

Flux, density, 330. 

magnetic, 325, 337, 343, 352. 
Fluxrnotor, Gras.«?ot, 369. 

Force, acting on a conductor, 327. 
between parallel conductors, 355. 
deflecting, 311. 
line of, 306. 
magnetising, 329, 330. 
restoring, 311. 

Forced draught, 5. 

Four-stroke or Otto cycle, 231, 251. 
Freezing point, 7. 

Frequency, of A.C., 371. 

Fuel, 1. 

calorimeter, 42, 45. 
characteristics of, 53. 

Diesel, 260. 

per B.H.P. hour, 244. 

pulverised, 54, 127. 

Fuel injection, air blast, 249. 
airless or solid, 249, 259. 
principles of, 249. 

Furnace, boiler, 4. 


Fuse, 298, 301. 

Fusible plugs, 146. 

Fusion, latent heat of, 23. 

Galvanometer, 336. 
constant for, 361. 
reduction factor for, 361. 
suspended coil, 362. 
tangent, 359. 

Gas, blast furnsbce, 54, 24(i 
coal, 54. 

coke oven, 54, 240. 
constant, 71. 
natural, 54. 
producer, ’154, 239. 
sludge, 240. 
specific heats of a, 71. 
suction, 54. 
water, 54. 

(las engine, 232. 

principles of action. 236. 
self-contained plants, 239. 

Gauge, Bourdon pressure, 32. 
pressure, 31. 
vacuum, 31. 

Gauss, 308. 

Generation of e.rn.f., 336. 

Generators, 340. 
compound, 345. 
electrical efficiency, 342, 346. 
self-excited, 343. 
separately excited, 343. 
series, 343. 
shunt, 344. 
steam, 116. 

voltage characteristic, 343, 344, 
345. 

Gland and stuffing box, 160, 163. 

Governing, Diesel engine, 259. 
hit and miss, 238. 
quality, 238, 259. 
quantity, 238. 

Governor, 161, 166, 238, 259. 

Gram calorie, 16. 

Grassot fluxmeter, 369. 

Grate, mechanical, 113, 134. 

Gudgeon pin, 160. 
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Harmonic induction engine, 261. 
Headers, 125. 

Heat, and temperature, 6. 
balance sheet, 244, 269, 270. 
drop, 219. 

effect of, on dimensions, 9. 
latent, of fusion, 23. 
latent, of vaporisation, 23. 
measurement of, 14. 
re(‘eived by an engine, 205. 
sensible, 22. 
specific, 15. 
units of, 14. 
total, 29, 81. 

Heat engine, 62. 

external (‘onibuation, 107, 158. 
internal combustion, 107, 230. 
Heaters, foe<l, 115. 

Ht‘ating effect of a current, 297. 
Horse power, 51, 289, 332. 
brake, IJH, 202. 

•hour, 51. 

indicated, 191, 197, 

Hot bulb, 250. 

Hot well, 113. 
pump, 113. 

Hyperbola, coustruetion for, 172. 
Hypothetical indicator diagram, 171. 

Ignition, 232, 241, 265. 

point of, 3. 

Ignition plug, 233. 

Impulse-reaction turbines, 212. 
Impulse turbines, 212. 

Indicated horse power, 191, 197. 

determination of, 197, 243. 
Indicated thermal officieney, 206, 
243. 

Indicator, 192. 
cock, 194. 

Diesel engine, 244. 
drum and spring, 193. 
external spring, 195, 245. 
piston, 193, 245. 
reduction gear, 194. 

Indicator diagram, 192. 
airless injection oil engine, 277. 
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Indicator diagram, cold starting dual 
cycle, 280. 

compound steam engine, 228. 
Diesel engine, 251. 
gas engine, 240, 276. 
high pressure locomotive, 225. 
hypothetical steam, 171. 
probable steam, 180. 
iinifiow steam engine, 224. 

Induced draught, 5. 

Induction, 310. 
linos of, 306, 325. 
stroke, 231, 236 

Inlet valve, 232, 248. 
setting, 241. 

Inside lap, 176. 

Instruments, dead-beat, 359. 
electrical measuring, 358. 
for A.C., 371. 
moving coil, 359, 363. 
moving iron, 359, 365. 

Insulator, 281. 

Internal ('ombustion engine, 6, 107» 
230. 

Inverse square law, 308, 317. 

Iron core, 309, 321, 328. 

Jacketing, 180, 232, 254. 

Joule, unit of energy, 297, 332. 

Joule’s equivalent, 48, 299. 

Joule’s law, 299. 

Keeper, magnetic, 324. 

Kilowatt, 51, 289, 332. 

Kilowatt-hour (kWh), 51, 297, 332. 

Knocking, 6. 

Lagging, 118. 

Lap, inside, 176. 

steam or outside, 174. 

Latent heat, 23. 
of fusion, 23, 25. 
of vaporisation, 23, 26, 81, 83. 

Lead, of a slide valve, 174. 

Leclajfich6 cell, 287. 

Lenz’s law, 337, 338. 

Lignite, 53. 
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Lines of force, 306, 317, 325. 
for a bar magnet, 315, 316, 317. 
positive direction of, 308. 
rate of cuttmg, 337. 

Lines of mduction, 306, 310, 325. 
Link motion, Stephenson's, 184. 
Log6Lrithms, Napierian, 172. 
Lubrication, Diesel engme, 248, 258. 

gas engme, 242. 

« steam engine, 166. 

Magnetic armature, 324. 
circuit, 325. 

effect of a current, 305, 319, 321. 
meridian, 306. 
poles, 305. 

Magnetic field, 305. 

conductor cuttmg a, 336. 
due to current m circular wire, 308, 
320. 

due to current m straight wire, 319, 
328. 

inside a closed ring, 329. 

of a galvanometer, 363. 

of a solenoid, 321. 

strength at a point, 308, 325, 326. 

uniform, 325. 

work done m a, 325. 

Magnetism, destruction of, 314. 

* test of, 313. 

Magneto, 242. 

Magnetometer, 317. 

forces acting on magnet of, 318. 
Magnetomotive force (m.rn.f.), 326, 
330. 

of a solenoid, 328. 

Magnets, 305. 

artificial, 312, 313. 
natural, 312. 
permanent, 314. 
temporary, 314. 

Manometer, 31. 

Matter, conservation of, 62. 
Maxwell's Cork Screw Rule, 320. 
Mean effective pressure (M.E.P.), 
171, 198, 248. 

Megohm, 289. 


Meltmg point, 27. 

Microvolt, 289. 

Milliammeter, umpivot, 364. 
Milhampere, 289. 

Minimum air, 3. 

Mixture, 2. 

Mixtures, method of, 16, 98. 

Mol, 46. 

Molecular weight, 36. 

Molecule, 35. 

Motor, 290. 

principle of the, 349. 

speed load characteristics, 351, 352. 

Napierian logarithms, 172. 

Neutral pomt, 307. 

Normal temperature and pressure, 
N.T.P , 46. 

Nozzle, steam, 211. 

Ohm. international, 285, 331. 

Ohm’s law, 290. 

Open i irc'uit, 294. 

OsciJIogram, 372. 

Oscillograph, 372. 

cathode ray, 371, 373. 

Duddell, 372. 

Otto cycle, 231. 

Outside lap, 174. 

Oxidation, 2. 

Period, of A C , 371. 

Permeability, 324, 329. 

Petrol engine, 261. 

Petroleum, 53. 

Piston, 158, 162, 257. 
and crank position, 16C. 
trunk, 232. 
valve, 184. 

Planimeter, 198. 

Pomt of ignition, 3. 

Polarisation, 286. 

Polo, consequent, 310. 
strength, 308, 325. 
umt, 325. 

Potential difference, p.d., 285, 286, 
Pound calorie, 15. 

Power, 51, 339. 
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Power, of a boiler, 140. 
unit of electrical, 289. 

Power plant, closed feed system, 110. 

Preheaters, air, 133. 

Pre-ignition, 237, 246. 

Pressure, 31.* 
absolute, 31. 
back, 74. 

compounding, 214. 

electrical, 281. 

gauge, 31, 32, 141. 

miean effective, 171, 198, 243. 

standard, 31. 

vftouum, 31. 

Pressure gauge, calibration of, 33. 
pyrometer, 97. 
recording pyroiaeter, 35. 

Primary cell, 286. 

Prime mover, 112. 

Principle of contra-flow, 45, 115, 131. 

Pulverised fuel, 54. 
plant, 127. 

Pump, air, 109. 
circulating, 109. 
condensate extraction, 137. 
drip-feed, 112. 
feed, 108, 110, 115. 
hot-well, 113. 

Pumping diagram, 241. 

Purifier, steam, 146. 

Pyrometer, 97. 
photometric, 98. 
thermo-electric, 98. 

Quantity of electricity, 281. 

Radiation, 116, 120. 

Ratio, of expansion, 170, 187. 

«of compression, 75, 230. 

Reciprocating engine, 130, 231. 
mechanism, 169. 

Rectangular hyperbola, construction 
for, 172. 

Reduction gear, 194, 195. 

Regelation, 28. 

Reheating, feed water, 112, 115. 
intercylinder steam, 189. 

t 


Reluctance, 329, 330. 

Resistance, electrical, 281. 
external, 291. 

in generators and cells, 291. 
in parallel, 291, 295, 342. 
in series, 291, 293. 
internal, 291. 
specific, 285, 292. 

Resistivity, 292. 

Retentivity, 324. 

Reversal of rotation of a steam 
engine, 180. 

Safety valve, 145. 
spring loaded, 145. 

Scavenging, 238, 253. 

Secondary cell, 288. 

Self-excited generators, 343. 

Separately excited generators, 343. 

Separating calorimeter, 91, 146. 

Series, generator, 343. 
motor, 352. 

Short circuit, 301. 

Shunt, 297. 

Shunt generator, 344. 
motor, 362. 

Simple cell, 287. 

Single touch, method of, 312, 

Slide valve, 161. 
a simple model, 178. 
eccentric and rods for, 162. 
distribution of steam, 162. 

Solenoid, 309, 321, 331. 
soft-iron cored, 314. 
trip gear for, 315. 

Sole plate, 161, 232. 

Sparking plug, 232, 266. 

Specific heat, 15, 71. 
of liquids, 20. 
of solids, 17. 

Specific volume, 71. 

Spherometer, 11. 

Spontaneous combustion, 3. 

Standard cell, 287. 

Steam, bled, 114. 
dry saturated, 81. 
engine testing, 190. 
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Steam, lap, 174. 

properties of, 80, 100. 
reheating, 189. 
separators, 91, 146. 
stop valve, 141. 
superheated, 82. 
total heat, 82. 
turbine, 112, 130, 210. 

Steam engine plant: 

closed- feed system, 110. 
open-feed system, 107. 

Stephenson’s Link Motion, 184. 

Stoker, chain grate, 134. 

Stoking, alternate side, 5. 
coking, 5. 

Storage cell, 288. 

Storage of electricity, 288. 

Stuffing box, 160. 
and gland, 163. 

Suction stroke, 231, 236, 241. 

Superheat, degree of, 84. 

Superheated steam, 82, 83, 186. 
total heat of, 94. 

Superheater, 112, 129. 
integral, 129. 

Surge tank, 113. 

Tangent law, 310. 

Temperature, absolute, 68. 
and heat, 6. 
base or datum, 24. 
conversion of, 9. 
evaporation, 82. 
measurement of high, 97. 
of saturation, 82. 

Testing for engine operation, 190, 
240. 

internal combustion engines, 243. 
steam engines, 190. 

Therm, 15. 

Thermal efficiency, 64, 206, 230, 243. 

Thermal imit, British, 14. 

Centigrade, 15. 

Thermometer, 6. 

Throttling, calorimeter, 91, 93. 
of steam, 175. 

Torricelli, 30. 


Total heat, 29, 81 
of steam, 82. 

Transmission dynamometer, 191. 
Turbine, 112, 130, 210. 
advantages of a, 218. 
blading, 210, 214, 216, 217. 

Curtis, 212, 216. 
de Laval, 210. 
disadvantages of a, 218. 
irnpuLso, 212. 
impulse reaction, 212. 
leakage of steam in a, 216. 
Parsons’, 212. 

Kateau, 212, 216. 

Turning moment, on a crank-shaft, 
167. 

diagrams, 169. 

Two-stroke cycle, 230, 251, 252. 

XJniflow engine, 188. 

Unit, of current, 309, 327. 
of e.m.f., 337. 
of heat, 14. 

Board of Trade, 51, 332. 

Vacuum, gauge, 31. 

v’^alue of high, 185. 

Valency. 38. 

Valve, blow-off, 142. 

(‘ombinod safety and low water, 
145. 

diagram, 183. 

eccentric and crank positions, 175- 
181. 

exhaust, 231, 232, 248. 
feed check, 141. 
inlet, 231, 232, 248. 
mechanism for I.C. engine, 234. 
piston, 184. 

positions in steam distribution, 
178. 

sotting and ignition, 241. 
slide, 161. 
stop, 141. 

Vanes, turbine, 211. 

Vaporisation, latent heat of, 23, 26, 
81, 83. 
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Velocity compounding, m turbines, 

212 . 

Volt, international, 285, 289, 332. 
Voltaic cell, 286. 

Voltmeter, hot wire, 366. 
moving coil, 363. 
moving iron, 365. 

Volume, specific, 71. 

Water gauge, 143. 

Water softener, 110, 112, 113. 

Water tube boilers, 116, 122. 

Watt, the, 51, 289, 332. 
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Watt, James, discoveries of, 24, 186. 
Watt-second, 297, 

Wave form of A.C., 373. 

Weight, atomic, 36. 

molecular, 36. 

Weston cell, 287. 

Willan’s law, 204. 

Wire-drawn, 175. 

Work unit of, 51, 

Work done in expansion, 74. 
Working substance, 62. 
properties of the, 64. 




ANSWERS TO EXERCISES 


CHAPTER I (p. 64) 

1. 69“ F., 167“ P.. 39-2“ F.; 76|“ C., 204-4“ C. 2. - 469-4“ F.; -.2731“ C. 

3. - 431“ C.; - 25“ C., 78i“ C., 66t“ C. ‘ 

4. -38-2“ F., 618-8“ F., 1662“ F., 1832“ F.. 2822“ F., 1946-4“ F., 6120“ F. 

5. 20“ R., 60“ B., 39i“ B. - 6. ~40“C. 

12. 8i m., 15* m., 18| m. 13. 96-262 m. 14. 1-067 ft. 

15. 380-3“ C. 16. 661-72 lb. per cu. ft. 17. 12-6 lb.; 11-97 lb. 

20. 38Jf“ C. 21. 363i“ C. 22. 10,920 C.H.U. per lb. 

23. 3250 C.H.U. 24. 8Q%. ' 2^. 66-95 lb. 

26. 15-2 C.H.U.; 19-4%. 27. 18-88 lb.; 218-88 lb. 

28. 29 36“ C. 29. 19-28 B.Th.U. *• ‘ 30. 12-76 lb. per sq. m. 

31. 200 lb. per sq. zn. 32. 14-7 lb. per sq. in. 33. 0-4904 lb. per sq. in. 

37. 264-7 lb. per sq. in. 41. 17-39 lb. 42. 11-47 lb. 

43. 5 8 lb., 11 6 lb. 44. 7-68 lb. 

45. 19 29 lb. ; COj, 3 153 lb.; H,0, 1-26 lb.; O, 1-024 lb. ; N, 14-86 lb. 

46. 14-64 lb. , COj, 3-08 lb.; H,0, 1-26 lb.; O, 1-672 lb.; N, 16-8 Ib. 

47. 2803 B.Th.U. 

48. 10-66 lb. , 14,180l6.Th.U. perlb.; 13,675 B.Th.U. per lb. 

49. 10-38 lb. ; 13,167 B.Th.U. per lb. 

50. 16,914 B.Th.U. per lb.; 16,206 B.Th.U. per lb. 

52. 13,373 B.Th.U. per lb. 53. 11,291 C.H.U. perjb. 

54. 7848 C.H.U. per lb.; 14,126 B.Th.U. per lb.' 55. 0-04472 lb. per cu. ft. 

56. 9-6238 cu. ft. of air; no reduetipn. 

57. 2-38 cu. ft. of air; 14-79% reduction. 59. 600-9 B.Th.U. per cu. ft. 

60. 476-7 B.Th.U.; 264-3 C.H.U. 61. 3-46“ F. «2. 4,668,000 ft. lb. 
63. 10-86°o- 64. 248 lb. 65. 2870 llK per hour. 

66. 2-92 lb. 67. 78-6“^. 

68. ( 0 ) 236-8; (6) 346-6; (c) 318-4; (d) 368-4; (e) 448; (/)436; (p) 433-8; 
(A) 467*4. ^ 

70. 18*97%. 71. 33*48%. 72. 1.120,000 ft. lb. 73. 8*49 inm. 

74. 23*2%. 76. 8,011,000 ft. lb. 76. 23i B.Th.U. per mui. 

77. 36*46 B.Th.U. per njin. 78. 1417 ft. lb. 79. 7*9%. 

81. 106*2 lb. 82. 0-41. 83. 0*0963. 84. ^*0367 ft. 
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CHAPTER II (p.lOl) 

3. 0*870 cu. ft. 4. 36 lb. per aq. iii. 5. 0803 ou. ft. 

6. 66 lb. per sq. in. 7. 22*6 cu. ft. 

9. 77*7 lb. per sq. in. abs., 311° C. abs., 690° F. abs. 

10. 160° C.; 80 cu. ft. 11. 882 lb. per sq. in. 12. 29*85° C. 

13. 27° C. 14. 1 cu. ft. 15. 4266° F. 

16. 90*28 lb. per sq. in. ; 22*69 lb. per sq. in. 17. 10*76 cu. ft. 

18. 22 cu. ft.; 329*9 lb. per sq. in.; 1*847 lb. 19. 464 B.Th.U. per cu. ft 
20. (a) 16*02 cu. ft. per lb. (6) 2*6 cu. ft. per lb. 21. 137*7 lb. 

22. 166*6° C. 23. 0*2367 lb. 24. 2067*6° C. 25. 320*9 C.H.U. 

26. 96*87. 27. 41*15 ft. lb. per lb. per Cen. degree ; 36*33 lb. 28. 16*13. 

29. 72,000 ft. lb. 30. 71,280 ft. lb. 

32. 66*61 lb. per sq. in. ; 80 lb. per sq. m. 

33. 397*7 ou. ft.; 446*3 cu. ft. ; 245 cu. ft. 

34. 0*1712 cu. ft. ; 1*746 lb. per sq. in. 35. 49*48 lb. per sq. in. ; 701° F. 

36. 10*69cu. ft.; 432*3° C.; 4*276. 37. 10*16 cu. ft.; 396*7° C. 

39. 230*6° C.; 189*6° C. 

40. 4 lb. per sq. in. abs. ; 216 lb. per sq. in. abs.; 1000 lb. per sq. in. abs. 

41. A = 304*4 B.Th.U.; i=834 B.Th.U. 

43. L =411*3 C.H.U. or 740*34 B.Th.U.; 653*24 C.H.U. 44. 12 cu. ft. 

45. 422*1° F.; 1 476 cu. ft.; 1210*04. 

46. 1209*4 B.Th.U.; 671*9 C.H.U. 

47. (o) 62*16, (6) 482*9, (c) 672*08; 12,286*6 C.H.U. 48. 1,769,800 C.H.U. 
60. 1380*28 B.Th.U. ; 211*48 B.Th.U. per lb. 

51. 6603C.H.U.; 86*46%. 52. 16,601*2 B.Th.U.; 8611*8 C.H.U. 

63. 164*5 lb. 54. 1: 1*168. 55. 77,893 lb. per hr. 

66. 0*767 cu. ft. per lb. 57. 0*678. ' 58. 743*6 C.H.U. 59. 0*913. 

CHAPTER HI (p, 161) 

17. 10*78%. 18. 1163 B.Th.U. per sq. ft. per hour. 19. 280*3° F. 

20. 272*7 gal., 764 lb. 21. 26*06 lb. 22. 8*38%. 

23, 4H sq. ft, 24. 81*8% ; 16*03 lb. per lb. of fuel. 

25, 73*87%, 14'.6 lb. per lb. of fuel; 63,800 lb. per hour. 26. 82*75%. 

27. 69*87%. 29. 87*7%. 30. 9*87 lb. 31. 11*71 lb. 

32. 72*96 lb., 9*4 lb. 33. 66*42%, 9*46 lb. 
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34. 3736 lb. per hour. 36. 9194 lb. per hour,% 12*18 lb, 

36. 86,310 lb. per hour. 37. 261,700 lb. per hour. 

38. (a) 136*14 C.H.U.; 2,722,800 C.H.U.; 1396 C.H.U. per sq. ft. 

39. 2327*6 B.Th.U. ; 1962 B.Th.U.; 83*86%. 40. 76*6%. 

41. 1213 lb. per hour. 42. 296° F.; 7*68%. 43. 14*72 lb.; 29*44%. 

44. 811*4 lb.fin.; 1298 Ib. per inch. 46. 17*41%; 6*84%. 

47. (a) 0*836 lb. per sq. ft. (b) 8*82 lb. of steam per lb. of fuel, (c) 77*82%. 

(d) 10*82 lb. (c) 61*. 

48. 1623 1b. 

49. 0*7776 in. ; 0*9721 in. ; 1*121 in. ; 1*269 in. ; 0*88 in. ; 2*12 in. 

52. 23*46 lb. 53. 70*4° F. 56. 1*227 lb. per sq. in.; 13*19 lb. per sq. in. 
57. 1622 sq. ft.; 1398 C.H.U. per sq. ft. per hour. 59. 46*3° C. 

60. 231*8 cu. ft. per lb.; 2*86 ft. 61. 1233 gal./min., 8*436 in. 

62. 71*34° F.; 28*92 in. 63. 1098 cu. ft,/min. 

CHAPTER IV (p. 221) 

5. 1200 lb. 11. 103 B.Th.U. per lb. 12. 9*1. 13. 16*36. 

14. 2432 lb., 3, 133*4 lb. per sq. in. ^ 

15. 60 Ib./m.a abs., 40 Ib./in.* abs., 30 Ib./in.* abs. 

16. 7*69, 21*07 lb. per sq. in. 17. Crank through 64° and 81 J°; 0*586 stroke. 

18. (a) 1*76 in. (6) 3*03 in. 20. i in. ; 0*765 in. 

21. (a) 6J in. ; (b) 27°. 

22. 367°, 129°, 162J°, 332J°, measured clockwise. 

23. 357°, 129°, 164°, 322°, measured clockwise. 

24. 366i°, 128i°, 168i°, 326|° ; 0*999, 0*811, 0*966, 0*916 ; 42i°. 

29. 460 lb. per inch compres^on. 33. 613*6. 

34. 327 r.p.m., 646 ft. per min, 

35. 304*5 r.p.m. if single-acting, 152*3 r.p.m. if double-aeting. 

36. 1280 H.P. 37. 497*3 H.P. 38. 618*2, 966*1, 2460. 

40. 12*86 B.H.P.; 17*14 I.H.P, 42. 13*71; 1±97; 80%. 

43. (a) 37,186 B.Th.U. per min. ; (6) 2206 B.Th.U. per min.; (c) 6-93%. 

45. 12*9% ; 19,181 B.Th.U, per I.H.P. per hour. 

46. (a) 240 r.p.m.; (b) 964*2 ; (c) 84*37% ; (d) 14*78%, 17*62%. 

47. 63 lb. per sq. in. 48. 44*82 lb. per sq. in. 

49. (6) 82*98 lb. per sq. in.; (c) 13*83. 

50. 48*47 lb. per sq. in.; 10,179 ft. lb. 
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61. 1507 lb. per hour; with expansion 21,000 ft. lb. per cu. ft.; without 

expansion 10,220 ft. lb. per ou. ft. 

62. 1106 in.; 16-6 in. 63. 0-7. 

64. (o) 16-2 lb. per H.P. hour; (6) 408,777 B.Th.U./min.; (c) 60,74 

RTh.U./jnin.; (d) 14-49%; (e) 341,600 B.Th.U./min.; (/) 9-46%. 

66. (a) 68-1% ; (5) 8-3^7%. 

66. (o) 38-8 lb./in.«, 24-9 H.P.; 13-3.1b./in.», 28 H.P. (6) 62-9 H.P. (c) 43-t 
and 82-3%. (d) 27-73 lb. per B.H.P. hour, (e) 8-58%. 

68. iS=240+14-6P; 602-8 Ib./hour ; 26-6 lb. per I.H.P. hour. 

60. 182 B.Th.U. per lb.; 3020 ft./sec.; 76-33%. 

63. 31-03% : 30-62%. 64. 97-6 C.H.U. per lb. ; 2966 ft. per sec. > 12*4f 

CHAPTER V (p. 273) 

31. l-234xl0»ft. lb. ; 37,390 H.P. 32. 10-14. 

33. 0-668 lb. per B.H.P. hour. 34. 12-87. 

36. (o) 69-81 ; (6) 64-45 ; (c) 39%. 36. 26-89 ; 74-35%. 

37. 7-69 : 21-32 cu. ft. per I.H.P. hour. 

38. Foiur-stroke, 106-2 Ib./in.* ; two-stroke, 97 Ib./in.®. 

39. (o) M.E.P., 61 lb./in.2 ; (6) 13-26 ; (c) 83-3%. 40. 91-27 ; 97-03. 

41. 156-2 lb. per sq. in.; 0-666 pint/B.H.P. hour. 

42. On oil, 7669 B.Th.U./B.H.P. hour ; on gas. 9660 B.Th.U./B.H.P. hour. 

43. (a) 1134 lb. ft.; (6) 86-9% ; (c) 71-83 lb. per sq. in. 

44. 2036 ou. ft./hour ; 18-86 cu. ft./B.H.P. hour. 

46. (a) 16$3 } (6) 67-2% ; (c) 46-1% and 30-3%. 

46. 6-72, 4-67, 81-7%, 18-.S6%, 22-46%, 37-3%. 

47. 48-03, 36-24, 73-36%, 42-46%, 31-2%. 

48. 



C.H.U. 


C.H.U. 

% 


per min. 


per min. 

Heat supplied 

26064 

Heat to B.H.P. - 

830*7 

31-7 


„ to mechanical 





losses 

301-6 

11-3 



„ to jacket water - 
„ to exhaust and 

698-7 

26-0 



radiation by 
difference 

836-1 

31-0 

Total 

26664 

Total 

2666-4 

100 


48. («) ; (6) 2-41 gal. per hour; (c) 24-46%. 
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6 . 



B.Th.U. 
per min. 


B.Th.U. 
per min. 

% 

Veat supplied - 

410,800 

Heat to B.H.P. - 

128,000 

31-18 



„ to medhanical 





losses 

23,800 

6-8 



„ to jacket water - 

66,130 

13-62 



„ to exhaust and 





radiation by 





difference 

20^870 

49-4 

Total 

410,800 

Total 

410,800 

100 


(a) 277-2 cu. ft./hour. (6) 7*9 cu. ft of air. 

•^2. 13-63 lb. per lb.; 1272 B.Th.U./lb. 

3. 99-28 lb. per sq. in. ; 4i33 B.Th.U.. 3076 B.Th.U. 


t. 



B.Th.U. 
per min. 


B.Th.U. 
per min. 

% . 

Teat supplied - 

464,800 

Heat to I.H.P. - 
„ to excess air 
„ to exhaust pro¬ 
ducts 

„ to jackets or cool¬ 
ing water 

148,600 

96,430 

71,760 

138,120 

32-7 

21-1 

16-76 

30-46 

Total 

464,800 

Total 




>6. (a) 50-87. (6)41-4%. (c) 34-2%. (rf) 69-12in.p.h. (e) 28 miles per gallon. 

56. (a) 390 lb. per sq. in. (6) 652 lb. per sq. in. (c) 111 lb. per sq. in. (d) 630-1, 
388-6; 670 lb. per sq. in, 

^7- 9 0JJ|. lb. per sq. in.; 42%. 

CHAPTER VT (p. 302) 

1. 0-746. 2. 162,000 coulombs. 3. 16s. 2d. 4. 16s. 6Jd. 

6. 27-6. 6. 163J ohms. 7. 0-276 amp.’ 8. 26t ohms. 

10. 1322-6 watts. 11. 86-3® F. 12. 1-629®C. 

13. If ohms. 14. 8Jd. 19. 1-9 amp. 

27. 440 ohms ; 0-623 amp. 28. 45-2 ohms ; 5-09 amp. 

^9. 18^ ohms. 30. 460 and 920 ohms. 

'U. 0-678 amp.; 162-2 ohms. ^ 32. 1-77 ohms. 33. 4-68 ohms. 

J4. 376-4 yards. 36. 7f:l. 36. 6-92 lb. 37. 0-2 in. 

^^8. '' S166 ; 3-037 ; 0-6428 ohm. 39. 267-1 ohms. 40. £24 9s. Id. 
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CHAPTER VII (p. 333) -2* 

4. it dynes. 10. 28, - 28 dynes; 4-3 cm. from the weaker pole. 

11. 649-2 turns. 12. 2827 units. 13. 0-06. ^ 

14. 0-0119 : 237,600 lines ; 16,971 lines per sq. cm. ^' 

15. 1-087 amp.: 3148 turns; 211-5 ohms. 16. 3466 units. 

26. 57-14 gauss. 27. 2-487 amp. 28. 147,000 lines. 29. 199amp. turhs. 

CHAPTER VIII (p. 335) 

6. 93-78% ; 85-69%. 7. 73-03%. 8. 81-08^. 

9.120-3. 10. 0-4148 Cen. degree ; 11-542 ohms. 11. 45° C. 

12. 2126 watts; 92-32%. 13. 90-07%. 

14. 137-8 t^p.; If 1101 watts; 93-17%. 

18. 121-2 B^.Pj;y^05-S amp. 19. 4s. 3|d. 20. 13s.; 39-1 an^ 

21. 51-4. W 234 volts; 95-1%; 84-9%; 89-4%. 23. 40-7;\- 

24. 1-83 olims ; 233-7 volts. 25. 1-193 ohms; 0-6813 ohm. 

26. 99 volts ; 15-06 H.P. ; 85-7%. 27. 104 volts. 

28. 513-4 r.p.m.; 1312-5 lb.; 84-68%. 

CHAPTER IX (p. 374) 

7. ihs- 11. 0-5729. 13. 0-882 amp. 

16. 0-0983 amp.; 14-31 ohms. 17. 4-298. 18. 2-72 ; 1 51 amp. ; 42° 48 

19. 2-3 amp. 20. 0-2149 ; 43°. 22. 12,600 ohms. 


MISCELLANEOUS EXERCISES 


SECTION A.' HEAT AND HEAT ENGINES (p. 377) 

3. 15-4° C. 4. 401-2° F., 1209-7 B.Th.U. 6. No. subtract t° C. 


7. 608° F., 639-46 C.H.U. 

11. 0-00001708 per Cen. degree. 
15. 0-413 in. 16. 9-126 cm. 


8. 0-1464 in. ; less. 

12. 1-65 in. 14. 3-864 in. 

17. 0-06 cm. 19. 7160 ca', 


26. 6911-6 units. 28. 69f ° C. 29. 618-4 B.Th.U. 30. 0-0961. 

31. (o) 32° F., 212° F., 0° C., 100° C.; (6) 1200 B.Th.U., 666f C.H.U. ... 

32. 0-41. 33. 21 C.H.U., 24-3° C. 34. l-19d.; 108° F.» .ei* 

36. 1494° F. 36. 610° F. 37. 189,000 C.H.U., 378 gal. per hour.? 

38. f; 119-7 C.H.U.; 4-6 lb. 40. 80 cal. per gm. 42. 8000 cu. ft.t 

43. (a) 40 lb. per sq. in., 30 lb. per sq. in., 20 lb. per sq. in. 44. 1^ cu. ft. 



1 ? 
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d 100 lb. per sq. in., 4 cu. ft. 46. 135 lb. per sq. in., cu. ft. 

d 4 , 50 lb. per sq. in., 35 lb. per sq. in. 48. 835,100 cu. ft. 

i9. 250*3 c.c. 50. (a) 49*5 cu. ft. (6) 53f lb. 

51. 454*4 cu, ft., 426*3 cu. ft. 53. 0*25 cu. ft., 0*2841 cu. ft. 

54. 364*32 cu. ft., 341*4 dU. ft. 

55. (a) 0*8 cu. ft. (6) U cu. ft. (c) 38J lb. per sq. in. 

56. 656,200 C.H.U. ; 668*2 C.H.U. 57. 2733 lb. i 

58. (a) 146*6 C.H.U. (6) 1086*5 C.H.U. (c) 11*2 lb. 59. 680,328 C.H.U- 
66. 26*3, 653*6, 591*7 ; 3685*5 C.H.U. 61. 899 C.H.U. 62. 5*19%. 
63. 656 5 1b. 64. 420,000 B.Th.U./hour ; 10*91%. 

65 1400*4 ft. lb. per Cen. degree ; 840,240 ft. lb. 66. 32*63%. 

33,000 C.H.U. ; 46*2 rnilUon ft. lb.; 23 J H.P. 68. 0*102d. 

8. 24*9 lb. per sq. in. 74. 187 r.p.m. if double-acting. 

5. (a) 4624 lb. (6) 6666 ft. lb. (c) 16*42 H.P. 76. 8*45 H.P. 

7. 59,600 C.H.U.; 14*97% ; 28*23%. 

i. (a) 6*76. (6) 1170 B.Th.U. (c) 20*86%. 79. 10*01%. 

s). 44*32 lb. per sq. in. 


SECTION A. ELECTROTECHNICS (p. 389) 
i. 6000 coulombs, 10 amp. 5. 0*00033, 6. 0*0009488 cm. 

lO. 600 ohms, 0*4 amp. 11. 0*0656 amp. 12. 0*9 volt. 

3. (a) J amp., (b) 1*8 volts, 0*9 watt. 

I ' (a) 10 amp. (b) 6 volts, (c) 6 amp. 

(a) 1 amp. (6) 3*6 volts, (c) 14 ohms. 16. 3 amp. 17, 4 amp. 
8. 2*6 ohms. 19. 7 .* 10. 20. 125 ohms ' ith. 21. 1 ohm. 


'S2. 10 amp. 23. 4*8 amp.. 2s. 

4 220 ohms, 0*251d., 6*674 x 10"’ per inch cube. 

'^6. 6*972 X 10“’ per inch cube, 2*25 kW. 

IS 2(H) cm., 6 ohms. 29. 58,600 m., 3111 turns. 

U. 90,000 joules ; 0*568 lb. 32. 50*8 ohms. 

»v3. 27*06 ohms, 369*6 watts. 41. 2t. * 

6*928 cm. 48. (a) 9 dyne cm. (6) 18 dyne cm. 

7. 4000 dynes. 63. 348 kWh., 26*81. 64. 26 amp., 7*886 H.P. 

2. (a) xh ohm. (b) tAtv ohm. 78. ^ ohm. 

75* ^ ohm, 66661 ohms. 


25. 0*667 miorohms/in.^ 
27. 0*94 mm. 

30. 1 : 10. 


42. 1*066. 

54. 62*84 lines. 
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SECTION B. HEAT AND HEAT ENGINES (p. 398) 

1. 0-283 Ill. 2. 3-03186 ft. 5. 0-096. 6. 14-1“ C. 

8. 0-318 gm. 

9. (o)8,100C.H.U. (6) 11,340,000 ft. lb. (c) 6-727 H.P. hours. (<1)4-27 kWh. 

11. 10-66%. 12. 26-28% ; 26-25%. 13. 0-01681“ F. 

14. 123 min. 15. 8449 C.H.U./lb.; 16,208 B.Th.U./lb. 

16. 11-266 lb. air; 13-011 lb. Nj, 1-296 lb. O*, 3-263 lb. CO„ 0-279 lb. HjO. 

17. 11-26 lb. air, 24-56% CO,, 3-67% H,0, 71-78% N,. 

18. 14-726 Ib.; 36-96%. 

19. 19,487 B.Th.U./lb.; 15-37 lb.; 3987 B.Th.U. per lb. 

20. 20,630 B.Th.U./lb.; 34,776 Ib./hour; 36,276 Ib./hour ; 464,400 cu. ft./hr. 

21. 9-7 cu. ft. 22. 1-962 cu. ft. 23. 38-81 cu. ft./hour. 

24. 642-7 cu. metres. 26. 23 cu. ft., 68. 8id. 26. 8-886 cm. 

27. 89-06 lb. 28. (a): (6) ^0-8262 : 1. 

29. 1200 ft. lb., 1077“ C.; ml, - 228“ C. 33. 665-61 C.H.U./lb. 

34. (o) 1062-86 B.Th.U./lb. (6) 1126-4 B.Th.U./lb. 

36. (a) 678 38 C.H.U./lb. (6) 662-6 C.H.U./lb. (e) 718-5 C.H.U./lb. 

36. 620 C.H.U./lb., 536 C.H.U./lb. 

37. 163-2 B.Th.U.. 9-836 cu. ft. mcrease, 2860 ft./sec. 

38. l(Vf-3 B.Th.U./lb.; 2318 ft. per sec., 303-6 H.P. 

40. l^^lb. 42. 77-6%. 

43. oAJy 


- 

Heat supplied - 

7200 C.H.U. 

Heat into steam 

4949-6 C.H.U. 



Heat to gasofe - 

1701 C.H.U. 



Heat unaccounted - 

549-5 C.H.U. 

Total 

7200 C.H.U 

Total 

7200 C.H.U. 


44. (a) 23-63. (6) 21-38 Ib. (r) 8-989 lb. (d) 9-069 lb. 

46. 274-4 sq. ft., 62,190 lb. per hour. 

46. (a) 72-09%. (6) 11-19%. (c) 9-133%. 

47. 1187 B.Th.U./8q. ft./hour, 9226 B.Th.U./sq. ft./hour, 1921 B.Th.U./sq. 

ft./hour, 1964 Ib./baur. 

48. (o) 16-06%i 17-06%. (6) £89. 168. 6d. (c) 4262 cu. ft. 

61. 28-48 in. summer, 29-04 m. wmter. 

82. (o) 312-3“ t*. (6) 8-249%. 64. 26“ 67', 366“ 26' from inner dead centre. 
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66. 30°. 86. 1 in. Sf. 60'72 lb. per aq. in. 61. 37-01, 78'18%. 

62. 69-29, 68-89, 86%. 63. 7-66 in. bore, 2' 6' atrbke. - 

65. 10-28, 96%, 17J B.Th.IT./min. 66. 926-8 ; 0-69» ; 106,000 lb. 

67. 893-6, 36-67 lb./B.H.R./hour. 71. 20-81. 73. 21-08, 16-66. 

74. 13-33. 76. 6-616 ; 32-04 cu. ft.; 16,660 CJH.U./hour. 

76. 1648-8, 29-06%. 77. 34%. 78. 31-16%. 

79. 12,730 B.Th.U., 4-243 lb., 29-66%. 80. 36-9, l-69d. 


81. 



per min. 



B.Th.U. 
per min. 

% " 

Heat supplied per tom. 

9170 

Heat lost in producer 
„ to brake 
,, lost in engine fric¬ 
tion - 

„ jacket water. 
,, ,, exhaust, etc. 

980, 

2460 

749 

2592 

2389 

10*69 

26-81 

8-18 

28-25 

26-07 

Total 

9170 


Total 

9170 

100 


26-81%. 

82. 14-14 lb. air; 3274 B.Th.U. per lb.; 4402 B.Th.U. per lb. 



B,Th.U. 


B.Xh.TJ. 
per lb. 

% 

Heat supplied per lb. of 
fuel - - - - 

19,200 

Heat to I.H.P. 

„ to excess air 

to products of com¬ 
bustion - 
„ to jackets or 

radiation by 
difference 

6207 

4402 

3274 

5317 

32-5 

22-9 

16-9 

f 

27-7 

Total 

19,200 

Total 

19,200 

100 


83. (o) 1839. (6) 1326. (o) 29-12%. 
(d) 



B.Th.U. 


B.Th.U. 
per min. 

% 

Heat supplied per min. 

i. ’ 

193,050 

Heat to brake 

», to engine friction 

„ to jacket water - 

„ to exhaust gases - 

„ to radiation, etc. • 

56,190 

21,810 

58,750 

43,807 

12,493 

29*1 

11*3 

30-4 

22-7 

6-5 

Total 

193,060 

* Total 

193,050 

too* 
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84. (a) 23-66%. (6) 94%. (e) 0-668d. 

86. (o) 31-74%. (6) 28-61%. (c) 31-62 m.p.h. (d) 16-76 m.p.g. 

SECTION B. ELECTROTECHNICS (p. 414) 

1. 67,024 gm. 2. 376-9 houis, 0-264 kWh. 4. 12 ohms. 

6. 0-644 volt, not permanent. v 

7. (a) 26 volts, 36 volts ; 60 volts; 14A- volts. 4^ 

8. 0-1Ne amp., 0-04 amp."-0-06 amp., 1-08 vAt. ' 9. 163-9 cm. 

10. 1731 cm. ' 11. 0-6616 microhms per iA cube, 36-^8° C. 

12. 109-9 ohms, 39-6" C. • \3. 97-9° C. 14. 4-3. 

15. 63-68%, 0-176d. 17. 67-83° C. * 

18. (o) 0-3186 shm. (6) 26-4d. (c) 94-09%. , 

19. (a) 1 : 1-023 ; (6) 1-076 : 1. 2o! 106j^ ohms, 0-033d. 

21. 266 watt he-tp'': 676,900 ft. lb.: 199-2 watt hours; 628,800 ft. lb.: 78-12' 

22. (a) 80 ohn^ (6) 1200 cal. 23. dyiiesK 24. ’uiits. 

26. l:n’. 27. p:*1381, 28. 169-2; 0-001. 29. 6-966 amp. 

36 . 1-243 amp. 31. (a) 869-6. (6) 4-8 amp. 

32. 0-16, 66 lines per sq. cm. 34. 16,300 luxes. 35. 6-26 amp. 

36. (o) 4-762 volts. (6) 0-0938 ohm, -.(c) 93-54%. 37. 5-968 kW. 

38. (a) 40%. (5) 3-73d. *' (a) 20. (6) 37-3 amp. 

40. (o) 10 amp.-<'(6) 8s. 8d. 41. (o) 16 97. (6) 67-7 amp. 

42. 11-67 amp. 45. (a) 11-32 amp. (5) 261-32 amp. (c) 167 1 kW. 

46. 2-697 lb. 47. 0-1289 in. 51. 960 ohms, 0-04004 ohm. 
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